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The  International  Annual  Conferences,  organized  by  the  Fraunhofer-lnstitut  fur 
Chemische  Technologie  (ICT)  over  the  last  25  years,  have  each  dealt  with  a  subject 
of  particular  interest  in  the  field  of  energetic  materials.  As  the  subject  of  Pyrotechnics 
was  last  considered  ten  years  ago  (1985)  it  was  high  time  to  select  it  again.  In  this 
way  we  will  have  an  opportunity  to  show  the  great  deal  of  progress  which  has  been 
made  in  this  fascinating  field. 

The  26th  International  Conference  of  ICT  is  aimed  at  the  discussion  of  the  state  of 
the  art  in  research  and  development  in  the  field  of  Pyrotechnics. 

Main  topics  are 

•  Components  and  formulations 

•  Gas  generators 

•  Initiation  and  ignition  processes 

•  Test  methods  and  criteria 

•  Performance,  stability  and  compatibility 

•  Safety  aspects 

•  Recycling  and  disposal 

Chairman  of  the  Conference 
F.  Volk, 

ICT,  Pflnztal,  D 
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VORBEMERKUNG 


Die  Themen  unserer  Jahrestagung  haben  wieder  ein  breites  internatio- 
nales  Echo  gefunden.  Die  grofle  Anzahl  von  eingegangenen  Beitragen 
machte,  wie  in  den  vorigen  Jahren,  eine  Einteilung  in  Vortrage  und  Po¬ 
ster  notwendig.  Poster  ermdglichen  eine  intensivere  Diskussion  und  eine 
direkte  Ruckkopplung  von  interessierten  Tagungsteilnehmern. 

Der  vorliegende  Tagungsband  erscheintzu  Konferenzbeginn  und  enthalt 
die  schriftiichen  Fassungen  der  Vortrage  und  Poster.  Aus  zeitlichen 
Grunden  mufite  die  Drucklegung  vor  Eingang  samtiicher  Beitrage  erfol- 
gen.  Nachtraglich  eingegangene  Manuskripte  finden  sich  im  Anhang 
Oder  wurden  durch  die  Kurzfassung  ersetzt. 


PRELIMINARY  REMARK 

The  subjects  of  the  annual  ICT-Conference  have  again  found  wide  inter¬ 
national  response.  The  vast  number  of  contributions  necessitated  -  as  in 
previous  years  -  a  division  into  oral  presentations  and  posters.  Posters 
enable  an  intensive  discussion  and  direct  feedback  from  interested 
conference  participants. 

The  Conference  Proceedings  are  published  at  the  beginning  of  the  con¬ 
ference  and  contain  the  written  versions  of  the  presentations  and  po¬ 
sters.  Due  to  the  shortage  of  time,  printing  had  to  commence  prior  to 
receipt  of  all  contributions.  Subsequently  received  manuscripts  are  either 
included  in  the  Annex  or  the  abstract  is  printed  instead. 
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Zusammenfassunq 


Der  Beitrag  beschreibt  die  pyrotechnische  Zusammensetzung  und  Konfiguration  ei- 
nes  schnellbrennenden  schnurformigen  Gasgeneratormaterials,  das  Abbrandzeiten 
im  Bereich  von  10  -  20  ms  und  eine  hohe  Weiterleitungsgeschwindigkeit  der  ober- 
flachlichen  Anzundung  besitzt.  Dabei  wurde  eine  extrudierbare  schnellbrennende 
Compositformulierung  aus  Ammoniumperchlorat  und  thermoplastisch  verarbeitba- 
rem  Elastomer  eingesetzt. 

Der  geforderle  Druckanstieg  im  Miliisekundenbereich  konnte  mit  einem  kleeblattfor- 
migen  Strangprofil,  d.h.  durch  Einstellung  von  Hohlraumen  zwischen  pyrotechnischer 
Seele  und  umhullenden  Plastikschlauch  erreicht  werden.  Die  geforderle  hohe  Fort- 
pflanzungsgeschwindigkeit  der  Anzundung  wurde  durch  Bepuderung  des  Treibstoff- 
materials  mit  leicht  durchzundbaren  pyrotechnischen  Satzen  ermoglicht.  Die  techni- 
schen  Eigenschaften  des  neuen  schnurformigen  Gasgeneratormaterials  werden  im 
Vergieich  zu  denen  der  ITLX  2000  Schnur  dargestellt  und  diskutiert. 


Abstract 


The  development  of  the  pyrotechnical  composition  and  configuration  of  a  fast  bur¬ 
ning  cord  like  gasgenerating  propellant  with  burning  times  of  10  -  20  ms  and  a  high 
propagation  speed  of  surface  ignition  will  be  described.  For  this  purpose  an  extrudab- 
le  composite  propellant  formulation  based  on  ammoniumperchlorate  and  thermo¬ 
plastic  elastomer  was  used. 

The  required  pressure  rise  within  milliseconds  could  be  achieved  by  extruding  a 
cloverleaf  cord  profile  which  enables  the  adjustment  of  free  colume  between  the  py¬ 
rotechnic  core  and  the  surrounding  plastic  hose.  The  required  high  propagation 
speed  of  ignition  was  made  possible  by  powdering  the  propellant  cord  with  easily 
ignitable  pyrotechnic  compositions.  The  technical  properties  of  the  new  cordlike  gas- 
generator  material  are  discussed  and  compared  v/ith  those  of  the  ITLX  2000  ignition 
cord. 


1.  Einfuhrung 


Pyrotechnische  Gasgeneratoren  mit  hohen  Abbrandgeschwindigkeiten  und  Gasliefe- 
rung  im  Bereich  von  Millisekunden  werden  fur  AusstoB-  und  Anzundladungen  eben- 
so  wie  fur  Airbag-,  Rettungs-  und  Feuerloschsysteme  benotigt.  Schnurformige  Gas¬ 
generatoren  werden  vornehmiich  zur  Anzundung  von  Raketen-  und  Gasgenerator- 
treibsatzen,  Treibladungen  Oder  Airbaggeneratoren  eingesetzt.  „Shock  Tubes" 
(Nonel  Tubes)  besitzen  eine  gepuderte  Sprengstoffbeschichtung,  z.B.  aus  PETN, 
RDX,  HMX  Oder  2,2’,4,4’,6,6’-Hexanitrostilben  (HNS)  und  Dipicramide  (DIPAM)  in 
einer  Umhullung  aus  Metall  Oder  glasfaserverstarktem  Kunststoff  (1 ,2).  Sie  dienen 
u.a.  zur  Ausidsung  von  Schleudersitzen  (3).  Anzundschnure  fur  Raketenmotoren 
bestehen  nach  Svejka  und  Kozera  (4)  aus  Centralit,  Nitrocellulose  und  Ammonium- 
perchlorat,  nach  Schulz  aus  Aluminium  und  Bleiazid  (5),  nach  Montesi  aus  HNS,  Bor 
und  Kaliumnitrat  (6). 

Eine  sehr  schnellbrennende  pyrotechnische  Schnur  mit  Compositgasgeneratormate- 
rial  stellt  die  von  der  Firma  Explosive  Technologies  entwickelte  ITLX-Schnur  dar  (7). 
Sie  wird  sowohl  fur  die  Anzundung  von  Treib-  und  Airbag-Ladungen  (8)  als  auch  fur 
schnelle  AusstolBvorgange  in  speziell  konzipierten  Gasgeneratorkonfigurationen  ein¬ 
gesetzt  (9). 

Das  Ziel  der  Arbeiten  war  es,  ein  standartisierbares  pyrotechnisches  Material  und 
eine  entsprechende  Gasgeneratorkonfiguration  zu  konzipieren,  die  einen  schnellen 
Abbrand  und  Druckanstieg  uber  10  -  20  ms  und  eine  Weiterleitungsgeschwindigkeit 
der  Anzundung  von  500  -  1000  m/s  ermoglicht.  Dies  entspricht  einer  im  Abbrand 
verlangsamten,  aber  dafur  starker  gasliefernden  Schnur  als  das  ITLX-Modell.  Weite- 
re  Anforderungen  waren: 

*  Funktionssicherheit  von  -50  °C  bis  +70  °C, 
ausreichende  chemische  und  mechanische  Stabilitat, 

keine  Selbstentzundung  bei  einstundigem  Erhitzen  auf  200  °C, 

*  keine  Detonationsempfindlichkeit, 

Anzundbarkeit  mit  handelsiiblichen  elektrischen  Anzundern, 

*  leichte  Konfektionierbarkeit, 

*  Handhabungs-  und  Transportsicherheit, 

*  niedriger  Herstellungspreis. 
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2.  Entwicklunqskonzept 

Urn  eine  Standard isierung  zu  ermogiichen,  ging  das  Entwicklungskonzept  der  Gas- 
generatorschnur  von  einer  extrudierten  pyrotechnischen  Seele  aus  schnellbrennen- 
dem  Gasgeneratortreibstoff  aus.  Urn  eine  gleichmaRige  Anzundung  uber  die  gesam- 
te  Schnurlange  zu  erreichen,  sollte  eine  porose  Oder  gepuderte  Anzundschicht  auf- 
gebracht  warden.  Damit  waren  im  wesentlichen  vier  Problemstellungen  zu  bearbei- 
ten: 

1)  Suche  nach  einer  geeigneten  extrudierbaren  pyrotechnischen  Formulierung  mit 
hohen  Abbrandgeschwindigkeiten  im  niederen  Druckbereich. 

2)  Einstellung  eines  geeigneten  geometrischen  Strangprofils. 

3)  Formulierung  und  Aufbringung  einer  geeigneten  Anzundschicht  zur  Einstellung 
der  geforderten  hohen  Anzund-  und  Weiterleitungsgeschwindigkeit. 

4)  Gestaltung  und  Applikation  einer  gleichmaRig  verdammenden,  gut  konfektionier- 
baren  Stranghulle. 

3.  Durchfuhrunq 

Entsprechend  den  auReren  Rahmenbedingungen  wurde  folgender  Losungsweg  ge- 
wahlt: 

3.1.  Pvrotechnische  Formulierung 

Zur  Auswahl  der  pyrotechnischen  Formulierung  zeigt  Tabelle  1  einen  Eigenschafts- 
vergleich  von  extrudierbaren  Gasgeneratormaterialien. 

Traditionelle  Doublebasetreibstoffe  sind  detonationsempfindlich  und  erreichen  nicht 
die  hohe  geforderte  Temperaturstabilitat.  Nitramintreibstoffe  sind  thermisch  stabiler, 
aber  in  ihrer  Abbrandgeschwindigkeit  zu  langsam. 
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Hohe  Abbrandgeschwindigkeiten  bei  niedrigem  Druck,  hohe  Temperaturstabiiitat  und 
Detonationsunempfindlichkeit  warden  nur  von  perchlorathaltigen  Compositformulie- 
rungen  erreicht.  Aus  diesem  Grunde  wurde  fur  das  gasliefernde  Material  eine  Com- 
posit-Formulierung  gewahit.  Zum  Vergleich  sind  in  Tab.  1  die  Eigenschaften  der  sehr 
schnell  abbrennenden  ITLX-Schnur  mit  aufgefuhrt,  die  ebenfalls  eine  Compositfor- 
mulierung  in  extrudierter  Form  enthalt,  aber  durch  den  geringen  Binderanteil  und  die 
hohe  Porosity  (s.u.)  nur  eine  geringe  mechanische  Stabilitat  des  pyrotechnischen 
Materials  aufweist. 

Urn  diesen  Nachteil  zu  begegnen  und  eine  Standardisierbarkeit  zu  erleichtern,  wurde 
nach  mehreren  Entwicklungsschritten  ein  extrudierbarer  pyrotechnischer  Satz  auf 
der  Basis  von  Ammoniumperchlorat  (AP)  in  kleiner,  sehr  fein  vermahlener  Korn- 
groBe,  4  %  Abbrandbeschleuniger  und  einem  Bindemittel,  bestehend  aus  thermo- 
plastisch  verarbeitbarem  Elastomer  und  Weichmacher,  eingesetzt. 

Zusammensetzung  und  Eigenschaftsprofil  der  pyrotechnischen  Formulierung  sind  in 
Tabelle  2  wiedergegeben. 


3.2  Geometrisches  Stranqprofil 

Auch  bei  der  Verwendung  schnellbrennender  pyrotechnischer  Wirkmassen  warden 
die  geforderten  kurzen  Druckanstiegs-  und  Abbrandzeiten  nur  von  einem  offenen, 
hoch  zerklufteten  Strangprofil  mit  groBer  Anbrennflache  erreicht;  wahrend  eine  hohe 
Weiterleitungsgeschwindigkeit  der  Anzundung  vor  allem  durch  Hohlraumkanale  in 
Oder  urn  der  extrudierten  pyrotechnischen  Seele  ermoglicht  werden  sollte.  Abbildung 
1  zeigt  die  mittels  einer  Topfpresse  hergestellten  und  untersuchten  Strangprofile  der 
Gasgeneratormischung.  Das  Abbrandverhalten  von  jeweils  10  mm  langen  Stucken 
wurde  exemplarisch  von  einem  2  mm  Volfstrang  und  einem  Strang  mit  0,8  mm  In- 
nenloch  in  ummantelter  und  nicht  ummantelter  Form  in  einer  100  ml  (10  g  Ladungs- 
gewicht)  fassenden  ballistischen  Bombe  bestimmt.  Die  Ladungen  wurden  jeweils  mit 
einer  Zundpille  T7  und  einer  Beiladung  von  0,5  g  Bor/Kaliumnitrat  gezundet.  Druck- 
messung  erfoigte  mit  Druckaufnehmern  der  Firma  Kistler,  Die  erhaltenen  MeBkurven 


Sind  in  Abb.  2  dargestellt.  Wie  erwartet,  brennt  der  Vollstrang  sehr  langsam,  der 
Strang  mit  Loch  dafur  in  sehr  kurzer  Zeit  ab. 

Abbildung  3  zeigt  die  erhaltenen  Druckkurven  eines  im  Sternprofil  extrudierten 
Stranges  in  offener  (SGG  13/7)  und  mit  Polyolefinschrumpfschlauch  ummantelter 
Form  (SGG  13/8).  Die  daraus  gewonnenen  MeBdaten  sind  in  Tab.  3  zusammen-  und 
denen  der  in  den  Abmessungen  vergleichbaren  ITLX-Schnur  gegenubergestellt. 

Die  ummantelte  Sternkonfiguration  SGG  13/8  ist  danach  nur  wenig  langsamer  als 
die  nicht  ummantelte  Form  SGG  13/7.  Beide  pyrotechnische  Wirkmassen  erreichen 
als  Vollmaterial  in  dieser  Form  des  Abbrandes  fast  die  Schnelligkeit  der  porosen 
ITLX.{7) 

3.3.  Anziindschicht 

Urn  eine  hohe  Weiterleitungsgeschwindigkeit  und  effektive  Anzundung  des  Gasge- 
neratormaterials  zu  erhalten,  wurde  der  Strang  mit  einer  feinpulvrigen  Anzundmi- 
schung  bepudert.  Tabelle  4  zeigt  die  thermodynamischen  Daten  von  den  Rezepturen 
der  verwendeten  pyrotechnischen  Satze.  In  den  folgenden  Versuchen  stellte  sich 
heraus,  daB  nur  die  Mischungen  mit  hoher  spezifischer  Energie  und  Abbrandtempe- 
ratur  wie  Aluminium/Oktogen  und  Kaliumperchlorat/Aluminium  erfolgversprechend 
eingesetzt  werden  konnten. 

3.4.  Ummantelunq  und  fertiae  Stranakonfiauration 


Da  fur  das  Aufbringen  der  Ummantelung  keine  Extrusionsanlage  zur  Verfugung 
stand,  muBten  sich  die  Versuche  auf  eine  im  LabormaBstab  durchfuhrbare  Methode 
beschranken.  Fur  die  Umhiillung  bis  zu  1  m  langer  Gasgeneratorstrange  wurden  in 
drei  Lagen  Polyolefinschrumpfschlauch,  verstarkender  Polyamidgewebeschlauch 
und  nochmals  Polyolefinschrumpfschlauch  verwendet.  Die  Bilder  4a  und  4b  zeigen 
Querschnitt  und  AuBenansicht  der  auf  diese  Weise  hergestellten  Gasgenerator- 
schnur.  In  den  Fotos  sind  die  in  Kleeblattform  extrudierte  pyrotechnische  Seele,  die 
durch  Bepuderung  aufgebrachte  Anzundschicht  und  die  dreilagige  Ummantelung  gut 
zu  erkennen. 
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In  den  folgenden  Abbrandversuchen  zeigte  sich,  daB  der  vollstandige  Abbrand  der 
pyrotechnischen  Wirkmasse  nur  mit  einer  gleichmaBigen  und  druckbelastbaren  Um- 
hullung  zu  erreichen  war.  Dementsprechend  besteht  der  Mantel  der  zum  Vergleich 
betrachteten  ITLX-Schnur  ebenfalls  aus  extrudierten,  glasfasen/erstraktem  Polypro- 
pylenschlauch.  Die  vergroBerten  Aufnahmen  der  Ansichten  von  Querschnitt  und 
Schnur  sind  in  den  Bildern  5a  und  5b  dargestellt.  In  der  VergroBerung  ist  deutlich  die 
Porositat  und  offene  Struktur  der  pyrotechnischen  Seele  zu  erkennen. 

4.  Abbranduntersuchunqen 

Der  Abbrand  der  komplett  montierten  Gasgeneratorschnur  wurde  often  mit  einer 
Hochgeschwindigkeitskamera,  Typ  Hycam,  und  in  einer  speziell  gebauten, 
schlauchformigen  Druckbombe  untersucht.  Bild  6  zeigt  die  Versuchsanordnung  des 
offenen  Abbrandes.  In  dieser  Anordnung  wurde  der  Abbrand  der  in  Bild  4  dargestell- 
ten  Gasgeneratorschnur  mit  einer  Filmgeschwindigkeit  von  12.000  Bilder  pro  Sekun- 
de  aufgenommen. 

Die  erhaltenen  Aufnahmen  sind  in  Bild  7  wiedergegeben.  Darin  ist  hell  leuchtend  der 
schnell  fortschreitende  Abbrand  der  pyrotechnischen  Anzundschicht  und  der  nach- 
kommende,  etwas  ungleichmaBig  verlaufende  Abbrand  des  Gasgeneratormaterials 
mit  punktuellem  Aufbrechen  des  Stranges  erkennbar.  Der  mit  20.000  Bildern  pro  Se- 
kunde  aufgenommene  Abbrand  der  ITLX  2000  (Bild  8)  lauft  durch  die  Porositat  des 
Gasgeneratormaterials  deutlich  schneller  ab.  Der  Strang  reiBt  auf  ganzer  Lange  ein- 
heitlich  auf.  Als  Fortpflanzungs-  Oder  Weiterleitungsgeschwindigkeit  der  Anzundung 
wird  fur  den  SGG  14  Gasgeneratorstrang  560  m/s  und  fur  die  ITLX  2000  1100  m/s 
ermittelt. 

Die  Bilder  9  und  10  zeigen  die  beiden  Gasgeneratorschnure  vor  und  nach  dem  Ab¬ 
brand. 

Urn  den  Druckanstieg  und  die  Fortpflanzungsgeschwindigkeit  des  Abbrandes  quanti- 
tativ  zu  erfassen,  wurde  eine  schlauchformige  Druckbombe  gebaut,  die  es  gestatte- 
te,  den  Abbrand  von  470  mm  langen  Gasgeneratorschnuren  uber  zwei  Druckauf- 
nehmer  in  40  mm  und  420  mm  Entfernung  vom  Zundkopf  und  6  Lichtleitern  im  Ab- 
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stand  von  jeweils  80  mm  zu  verfolgen.  Bild  1 1  zeigt  ein  Foto  der  Versuchsanord- 
nung. 

Die  beim  Abbrand  der  SGG  14  Schnur  erhaltenen  Lichtleitersignale  von  vier  besetz- 
ten  Positionen  sind  in  Bild  12  dargestellt.  Sie  zeigen  ein  ungleichmaBiges,  mehrfa- 
ches  Ansprechen  der  optischen  Sensoren,  bedingt  durch  das  ungleichmaBige  Auf- 
reiBen  der  Schnur.  Es  ergibt  sich  eine  mittlere  Fortpflanzungsgeschwindigkeit  von 
930  m/s.  Die  Signale  der  beiden  Druckaufnehmer  und  der  dazugehorige  Druckan- 
stieg  zeigt  Bild  13.  Aus  ihnen  errechnet  sich  eine  Fortpflanzungsgeschwindigkeit  von 
790  m/s.  Die  Zeitspanne  bis  zum  Erreichen  des  Spitzendrucks  von  180  bar  liegt  bei 
15  ms. 

Die  unter  gleichen  Bedingungen  vermessene  ITLX-Schnur  ergibt  eine  uber  Lichtleiter 
gemessene  Abbrandgeschwindigkeit  von  1150  m/s  sowie  einen  uber  die  Drucksen- 
soren  bestimmten  Wert  von  1380  m/s.  Die  Zeitspanne  bis  zum  Erreichen  des  Spit¬ 
zendrucks  von  etwa  100  bar  liegt  bei  0,5  ms.  Die  durch  den  schnellen  Abbrand  und 
das  gleichmaBige  AufreiBen  der  Schnur  in  schoner  Periodizitat  erhaltenen  Lichtlei¬ 
tersignale  zeigt  Bild  14. 


5.  Diskussion  und  Erqebnis 

Tabelle  5  stellt  die  Eigenschaften  der  SGG  14  Schnur  denen  der  ITLX  2000  gegen- 
uber.  Wie  in  den  Druckbombenversuchen  erkennbar,  stellt  die  AP/TPE-Formulierung 
der  SGG  14  auf  Grund  des  hbheren  Binderanteils  mehr  Gas  beim  Abbrand  zur  Ver- 
fugung,  als  die  ITLX-Schnur.  Im  Vergleich  zur  ITLX  brennt  der  als  Vollmaterial  ex- 
trudierte  SGG  14  Strang  langsamer,  d.h.  in  einer  fur  Airbag  Gasgeneratoren  typi- 
schen  Zeit  ab. 

Durch  die  Bepuderung  wird  im  freien  Abbrand  wie  in  der  Druckbombe  eine  Anzund- 
geschwindigkeit  zwischen  500  und  1000  m/s  erreicht.  Ohne  eine  ausreichende  Ver- 
dammung  erfoigt  der  Abbrand  der  pyrotechnischen  Seele  jedoch  ungleichmaBig  und 
uber  einen  langeren  Zeitraum  gestreckt.  Aus  diesem  Grunde  wurde  die  Ausfuhrung 
in  einer  doppeiten  Ummantelung  mit  Verstarkungsgewebe  gewahit. 
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Im  Vergleich  zur  SGG  14  besitzt  die  ITLX-Schnur  eine  sehr  viel  porosere  und  von 
Hohlraumen  durchzogene  Struktur  des  pyrotechnischen  Materials.  Der  hohe  Metall- 
und  geringe  Binderanteil  fCihrt  zu  einer  hohen  Abbrandtemperatur,  aber  insgesamt 
geringen  Gaslieferung.  Die  porose  Struktur  bewirkt  ein  schnelleres,  blitzartiges  Ab- 
brennen.  Dafur  ist,  ebenso  wie  fur  die  schnelle  Weiterleitung  der  Anzundung,  eine 
gute  Verdammung  wesentliche  Voraussetzung.  Die  ITLX  besitzt  aus  diesem  Grunde 
einen  aus  zwei  Lagen  bestehenden  extrudierten  Doppelmantel  aus  glasfasen/er- 
starktem  Polypropylen  (7). 


Zusammenfassunq 

Ihre  Abbrandeigenschaften  machen  die  im  Vergleich  betrachtete  ITLX  zur  idealen 
Anzundschnur,  die  eine  hohe  Energieubertragung,  bedingt  durch  hohe  Abbrandtem- 
peraturen  und  eine  hohe  Konzentration  heiBer  Metalloxidpartikel,  mit  einem  schnel- 
len  Abbrand  und  hoher  Weiterleitungsgeschwindigkeit  der  pordsen  pyrotechnischen 
Seele  miteinander  verbindet. 

Demgegenuber  stellt  die  SGG  14  Schnur  ein  schnellbrennendes,  mehr  Gas  liefern- 
des,  konfektionierbares  Gasgeneratormaterial  dar. 

Die  als  extrudiertes  Vollmaterial  ausgefuhrte  pyrotechnische  Seele  der  SGG  14 
brennt  in  einer  kontrolliert  verdammenden  Anordnung  gleichmaBig  und  kontrollierbar 
im  Bereich  von  Millisekunden  ab.  Ihre  Abbrandeigenschaften  werden  von  der  Ab- 
brandgeschwindigkeit  der  pyrotechnischen  Formulierung,  vom  geometrischen 
Strangprofil,  von  Art  und  Aufbringung  der  Anzundschicht  und  von  der  verdammen¬ 
den  Wirkung  der  Stranghulle  bestimmt.  Sie  sind  auf  diese  Weise  variier-  und  ein- 
stellbar. 

Das  Hintereinanderschalten  verschieden  langer  Schnurstucke  bietet  eine  weitere 
Moglichkeit,  Gas-  und  Drucklieferung  den  Anforderungen  und  der  jeweiligen  Anwen- 
dung  entsprechend  zu  gestalten. 

Der  vorgestellte  Schnurtyp  bietet  sich  damit  als  Grundmaterial  fur  Gasgeneratoren 
an,  die  fur  schnelle  Aufblas-,  AusstoB-  Oder  Schaitvorgange  eingesetzt  werden  sol- 
len. 
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Tabeile  2:  Zusammensetzung  und  Eigenschaftsprofil  der  pyrotechnischen 
Gasgeneratorformulierung  SGG  14 


♦ 


♦ 


♦ 


Zusammensetzung 


Ammoniumperchlorat 

Polybutadienstyrol  TPE  ; 

Polybutadien  : 

Kupferchromit  : 

Thermodvnamische  Oaten  (50  : 11 

76% 

19% 

1  % 

4% 

Spez.  Impuls  (Ns/kg) 

2029 

Abbrandtemperatur  (K) 
Charakteristische 

2022 

Geschwindigkeit  (m/s) 

: 

1329 

Molzahl  Gase 
mittl.  Molgewicht  der 

45,9 

Abbrandprodukte 

21,8 

Abbrandeiqenschaften 

Druck  MPa 

r  (mm/s) 

+  20 

+  50'>C 

(nr)p 

2 

18,9 

20,0 

0,19 

4 

26,4 

27,5 

0,14 

7 

31,7 

33,9 

0,23 

10 

37,5 

39,3 

0,16 

13 

41,5 

43,9 

0,19 

18 

48,8 

50,3 

0,10 

25 

57,2 

63,3 

0,36 

Druckexponent  n: 

0,43 

0,44 

♦  Chem.  Stabilitat 

Verpuffungstemperatur: 

(207min) 

Hollandtest: 

(8-72  h  /  105°C) 
Vakuumstabilitat: 

(40h/  100°C) 

♦  Mechanische  Eiqenschaften 

Zugfestigkeit  (N/mm^) 
ReiRdehnung  {%) 

E-Modul  (N/mm^) 

♦  Mechanische  Empfindlichkeit 

Reibempfindlichkeit; 

Schlagempfindlichkeit: 


281  °C 

-  0,34  %  Gewichtsverlust 

0,184  ml/g  Gasentwicklung 


O 

0 

O 

+  20  °C 

+  50  °C 

3,1 

1,0 

0,63 

3.4 

2,6 

1.9 

655 

64,2 

37,0 

72  N 

2,5  Nm 
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Tabelle  3:  Aus  den  Abbranduntersuchungen  in  der  ballistischen  Bombe 
erhaltene  IWeBdaten  (100  ml  /  Ladedichte  0,1  g  /  cm^): 


Probe 

max.  Druck 
(bar) 

Druckanstieg 

(m/s) 

30  %  Wert 
bar  /  ms 

80  %  Wert 
bar/ms 

30  -  80  Zeit 

ms 

D22 

Vollstrang 

200 

16 

60/37 

160/47 

10 

D22 

120 

63 

36/61 

96/85 

24 

Vollstrang 

ummantelt 

unvoilstandiger 

Abbrand 

unvoilstandiger 

Abbrand 

unvoilstandiger 

Abbrand 

unvoilstandiger 

Abbrand 

unvoilstandiger 

Abbrand 

D22 
mit  Loch 

170 

13 

51/23 

136/29 

6 

D22 
mit  Loch 
ummantelt 

130 

25 

39/36 

104/46 

10 

SGG  13/7 
Sternprofil 

280 

18 

84/17 

224/22 

5 

SGG  13/8 
Sternprofil 
ummantelt 

260 

24 

78/16 

208/23 

7 

ITLX  2000 

44 

7 

13/23 

35/26 

3 

Tabelle  4:  Thermodynamische  Oaten  der  zur  Bepuderung  verwendeten 
Anztindmittel 


Anzundmittel 

Temperatur 

(K) 

Explosionswarme 

(cal/g) 

spez.  Energie 
(J/g) 

B/KNO3 

25,9  :  74,1 

2700 

2043 

314 

AI/KCIO4 

30:70 

3801 

2225 

364 

Af  /  Oktogen 

20  :  80 

3801 

1912 

1126 
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Tabelle  5:  Vergleich  der  technischen  Eigenschaften  der  SGG  14  und 
ITLX  2000  Schnur 


SGG  14 

ITLX  2000 

Zusammensetzuna: 

AP  80  % 

AP  33  % 

TPE  20% 

KP  40  % 

Al  21  % 

Binder  6  % 

Molzahl  Gas  (Mol/kg): 

43,74 

14 

Mittl.  Molgewicht  (g): 

21 

42,8 

erzeugte  Gasmenge  (Nl/kg): 

980 

314 

Abbrandtemperatur  (K): 

2539 

3800 

Spez.  Energie  (J/g): 

(Ladedichte  0,1  g/cm^) 

968 

662 

Explosionswarme  (cal/g): 

838 

2063 

Form: 

A 

& 

Ummantelung: 

3fach 

3fach 

Kunstfaser 

GFK 

verstarkt 

extrudiert 

AuOerer  Durchmesser  (mm): 

6 

3,5 

Ladunasaewicht: 

g  Pyro/m  Schnur 

5,8 

2 

g  Gesamt/m  Schnur 

23 

12,5 

Gasmenae: 

g  pro  g  Schnur 

0,29 

0,096 

g  pro  m  Schnur 

5,54 

1,2 

Nl/kg  Schnur 

247 

50,2 

Nl/m  Schnur 

5,7 

0,63 

Anzundqeschwindiakeit  (m/s): 

Offener  Abbrand: 

560 

1100 

Druckbombe: 

Abbrandzeit, 

790  -  930 

1150-  1380 

Druckanstiegszeit  (ms): 

15 

0,5 

Spitzendruck  (bar) 

180 

100 

(450  mm  Schnur) 
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Bild  4b:  AuBenansicht  der  ummantelten  Gasgeneratorschnur  SSG  14 

(VergroBerung  7:1) 


Bild  5a: 


Querschnittsaufnahme  der  Anzundschnur  ITLX  2000 


Bild  8: 


Gleiche  Aufnahme  der  ITLX  2000  Schnur  mit  20000  Bilder/s 


Bild  12: 


Lichtleitersignale  beim  Abbrand  der  SGG  14  Schnur 


EINFLUSS  DES  BINDERGEHALTES  AUF  DAS 
REAKRONSVERHALTEN  PYROTECHNISCHER  MISCHUNGEN 


B.  Berger,  B.  Haas,  G.  Reinhard 

Gruppe  fiir  Riistungsdienste,  Abt.  Ballistik,  Waffen  und  Munition 
Feuerwerkerstrasse  39,  CH-3600  Thun  2,  CH 


ABSTRACT 

The  influence  of  the  binder  ratio  in  pyrotechnic  mixtures  on  their  combustion  and 
safety  datas  was  studied  taking  the  example  of  the  high-energy  polymer  polynitro- 
polyphenylene  (PNP) .  The  pyrotechnic  system  used  with  this  was  zirconium-nickel- 
alloy  50:50  /  potassium  perchlorate.  The  binder  ratios  amounted  from  1  to  4  weight 
percent . 

The  results  show  that  despite  a  high-energy  molecule,  even  small  binder  ratios 
reduce  the  rate  of  combustion. 

On  the  other  hand,  it  was  not  possible  to  ascertain  any  influence  of  the  binder 
content  on  the  heats  of  combustion  of  the  different  mixtures.  The  thermal  behaviour 
of  the  mixtures  is  slightly  influenced  by  the  binder  ratio. 

The  brisance  and  the  maximum  gas  pressure  of  the  mixtures  become  greater  with  an 
increasing  binder  ratio.  However,  the  ignition  delay  is  independent  on  the  binder 
content . 

With  an  increasing  binder  ratio,  the  mechanical  stability  of  pressings  becomes 
greater . 
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1.  Einleitung 

Zur  Herstellimg  eines  verarbeitbaren  Granulates  wird  pyrotechnischen 
Mischungen  haufig  ein  Binder  zugegeben.  Zusatzlich  konnen  dadurch  die 
mechanischen  Eigenschaften  von  aus  dem  Granulat  hergestellten  Presskdrpern 
und  Pellets  verbessert  werden.  Die  Auswahl  verwendbarer  Binder  ist  gross. 
Bei  den  meisten  handelt  es  sich  um  inerte  Polymere,  die  entsprechend  der 
zugesetzten  Menge  kleinere  bis  grossere  Leistungseinbussen  bewirken.  Der 
Einfluss  des  Binders  sowie  verscbiedener  Bindergehalte  auf  das  thermische 
Verhalten  von  Mischungen  der  pyrotechnischen  Redoxsysteme  Magnesium/ 
Strontiumperoxid  bzw.  Natriumnitrat  und  Titan/ Strontiumperoxid  bzw. 
Natriumnitrat  wurde  von  E.L.  Charlsley  et  al  bereits  untersucht  [1] .  Dabei 
wurde  festgestellt,  dass  mit  zunehmendem  Binderanteil  die  Verbrennungs- 
warme  signifikant  abniramt.  Dieser  Effekt  kann  durch  die  Verwendung  von 
energiereichen  Bindern  wie  zum  Beispiel  Nitrocellulose  (NC),  Glycidyl- 
Acide-Polymer  (GAP)  oder  Polynitropolyphenylen  (PNP)  vermindert  werden. 
Bereits  friiher  durchgefiihrte  Untersuchungen  haben  jedoch  gezeigt,  dass 
ebenfalls  unterschiedliche  Typen  von  energiereichen  Bindern  das 
Abbrandverhalten  pyrotechnischen  Mischungen  beeinflussen  [2] .  Hingegen 
ist  liber  die  Auswirkungen  der  eingesetzten  Menge  solcher  Binder  auf  die 
pyrotechnisch  relevanten  Parameter  wenig  bekannt. 

Im  Rahmen  einer  Studie  sind  Mischungen  des  gut  dokumentierten  Redox- 
Systems  Zirkon-Nickel-Legierung  50:50  /  Kaliumperchlorat  [3]  mit  unter- 
schiedlichen  Anteilen  an  energiereichera  Binder  Polynitropolyphenylen  [4] 
granuliert  und  ihre  Abbrandcharakteristika  untersucht  worden. 

2,  Ziel  der  antersuchung 

Das  Ziel  der  Untersuchung  ist  es,  vertiefte  Kenntnisse  beziiglich  der 
Auswirkungen  von  unterschiedlichen  Anteilen  energiereichen  Binders  in 
pyrotechnischen  Mischungen  auf  ihr  Abbrandverhalten  sowie  auf  ihre 
Leistungs-  und  Sicherheitskenndaten  zu  erhalten. 

Zusatzlich  ist  zu  ermitteln,  wie  sich  ein  variierender  Binderanteil  auf 
das  Granulat  sowie  auf  die  mechanischen  Eigenschaften  von  daraus  her¬ 
gestellten  Pressskorpern  bzw.  Pellets  auswirkt. 


3.  ExperiTnc^nteller  Teil 

3,1  Ausgangskomponenten 
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-  Zirkon-Nickel-Legierung  50:50  A  (Zr-Ni-Leg.)  [5] 

Spezifikation  :  NAVORD  OS  10369 
Korngrosse  :  4  ym  (Blaine) 

Spez.  Oberflache:  0,58  m^/g  (BET) 

Ziindteraperatur  :  565  K  (292°C) 

Reinheit  :  96  % 

-  Kaliumperchlorat  (KC104) 

Spezifikation  :  MIL-P-217A 
Korngrosse  :  <  60  ym 

Reinheit  :  99  % 

-  Polynit ropolyphenylen  (PNP)  [4] 

Strukturf ormel : 


Mittleres  Molekulargewicht  :  2488 
Beginn  der  Zersetzungsreaktion  :  571  K  (298°  C) 

3.2  Untersuchte  Mischungen 

Das  Reduktions-  und  das  Oxidationsmittel  werden  in  einem  Turbulamischer 
gemischt  (Mischdauer  10  Min) . 

Anschliessend  wird  der  in  einem  Losungsmittelgemisch  (Aceton/Ethanol  1:1) 
geloste  Binder  zugefiigt  und  die  Mischung  granuliert.  Der  Kordurchmesser 
des  Granulates  sollte  danach  <  0,5  mm  betragen. 


Tab.  1  Zusainmensetzung  der  Mischungen  mit  1  %  Binder 


Komp. 

Zr-Ni“Leg. 

KC104 


PNP 


25^ 

30 

35 

40 

45 

69 

! 

64 

i 

D 

D 

D 

D 

1 

Zusaramensetzung  [Gew.  %] 


50 


52,5 


55 


57,5 


59 


60 


62,5 


65 


70 


49 


46,5 


44 


41,5 


40 


39 


36,5 


34 


29 


26,5 


Tab.  2  Zusairanensetzung  der  Mischungen  mit  2  %  Binder 


Zr-Ni-Leg. 

40 

50 

60 

B 

B 

B 

Bi 

KC104 

58 

48 

i 

13 

3 

PNP 

2 

2 

2 

2 

B 

Tab.  3  Zusammensetzung  der  Mischungen  mit  3  %  Binder 


B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

Tab.  4  Zusammensetzung  der  Mischungen  mit  4  %  Binder 


Komponenten 

Zusammensetzung 
[Gew.  %] 

Zr-Ni-Leg. 

60 

B 

75 

B 

B 

KC104 

B 

B 

21 

11 

1 

PNP 

4 

E 

E 

4 

4 

4 

2 


5 


4,  Ergebnisse 


4.1  Abbrandgeschwindigkeit 

In  der  nachfolgenden  Abbildung  sind  die  gemessenen  Abbrandgeschwindig- 
keiten  verschiedener  Mischungen  des  untersuchten  Redoxsystems  dargestellt. 
Diese  Werte  sind  Mittelwerte  von  jeweils  3-5  Messungen.  Variablen  sind  das 
Verbal tnis  von  Reduktions-  zu  Oxidationsmittel  und  der  Anteil  Binder. 


Abb.  1;  Abbrandgeschwindigkeitskurven  des  Redoxsystems  Zirkon-Nickel- 
Legierung  50:50  /  Kaliumperchlorat  mit  unterschiedlichen 
Binderanteilen. 


Die  gross  ten  Abbrandgeschwindigkeiten  werden  unabh^gig  vom  Binderanteil 
stets  bei  der  Mischung  mit  65  Gew.  %  Reduktionsmittel  gemessen.  Die  Ab¬ 
brandgeschwindigkeit  aquivalenter  Mischungen  wird  durch  den  Anteil  Binder 
jedoch  beeinflusst.  Am  deutlichsten  ist  dies  bei  den  Mischungen  mit  der 
grbssten  Abbrandgeschwindigkeit  feststellbar.  Sie  nimmt  von  1  m/s  bei  1 
Gew.  %  Binder  auf  0,6  m/s  bei  4  Gew.  %  Binder  ab.  Bemerkenswert  ist  die 
konstante  Abnahme  der  maximalen  Abbrandgeschwindigkeit  bei  Binderanteilen 
zwischen  2,  3  und  4  Gew.  %.  Die  Abnahme  zwischen  1  und  2  Gew.  %  Binder  ist 
jedoch  doppelt  so  gross. 


4 . 2  Verbrennungswarme 


Die  gemessenen  Verbrennungswamen  der  verschiedenen  Mischungen  mit  unter 
schiedlichem  Binderanteil  sind  in  der  nachfolgenden  Grafik  eingetragen. 


Abb.  2 :  Verbrennungswarmen  verschiedener  Mischungen  des  Redoxsystems 
Zirkon-Nickel-Legierung  50:50  /  Kaliumperchlorat  mit  unter- 
schiedlichen  Binderanteilen. 

Im  Gegensatz  zu  den  Untersuchungen  von  Charsley  et  al  [1]  zeigen  die 
Messwerte  des  vorliegenden  Redox-Bindersystems ,  dass  eine  Erhdhung  des 
Binderanteils  von  1  auf  4  Gew.  %  keinen  signif ikanten  Einfluss  auf  die 
Verbrennungswarme  hat. 

4.3  Brisanz 

Der  Begriff  Brisanz  wird  zur  Beschreibung  des  Druckanstieges  pro  Zeitein 
heit  wahrend  des  Abbrandes  einer  pyrotechnischen  Mischung  in  einer  Druck 
borabe  verwendet.  Die  Ladedichte  betrug  bei  unseren  Untersuchungen 
0,15  g/cm^.  Die  in  der  folgenden  Abbildung  dargestellten  Werte  sind 
Mittelwerte  aus  4-6  Messungen. 


2  r  7 


Abb.  3 :  Brisanzwerte  verschiedener  Mischungen  des  Redoxsystems  Zirkon- 
Nickel-Legierimg  50:50  /  Kaliuinperchlorat  rait  unterschiedlichen 
Binderanteilen. 


Aus  Abbildung  3  geht  hervor,  dass,  mit  einer  Ausnahme,  Mischungen  mit 
einem  Reduktionsmittelanteil  kleiner  40  Gew.  %  in  der  verwendeten  Mess- 
anordnung  nicht  angefeuert  werden  konnen. 

Die  grossten  Brisanzwerte  werden,  unabhangig  vora  Anteil  Bindemittel,  bei 
40  Gew.  %  Reduktionsmittel  gemessen.  Eine  Erhohung  des  Reduktionsmittel- 
anteils  in  den  Mischungen  bewirkt  eine  nicht  lineare  Abnahme  der  Brisanz. 
Mit  zunehmendem  Binderanteil  von  1  auf  4  Gew.  %  steigt  der  Hdchstwert  von 
120  bar/ms  auf  175  bar/ms  an,  d.h.  der  Binderanteil  hat  bei  bestimmten 
Zusainmensetzungen  der  Mischungen  einen  deutlichen  Einfluss  auf  die 
Brisanz . 

Als  Vergleich  ist  in  Abb.  3  ebenfalls  der  Brisanzwert  einer  Mischung  des 
untersuchten  Redoxsystems  angegeben,  die  keinen  Binder  enthalt.  Er  ist  nur 
unwesentlich  kleiner  als  die  Werte  der  aquivalenten  Mischungen  mit  1,  2 
und  3  %  Binder. 
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4.4  Gasdruck 

Der  wahrend  des  Abbrandes  einer  pyrotechnischen  Mischung  entstehende  Gas¬ 
druck  wurde  mit  der  gleichen  Versuchsanordnung  gemessen  wie  die  Brisanz 
(Ladedichte  0,15  g/cm^).  Die  Mittelwerte  dieser  Messungen  (4  Messungen/ 
Mischung)  sind  in  der  nachfolgenden  Grafik  eingetragen. 
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Abb.  4:  Gasdruckwerte  verschiedener  Mischungen  des  Redoxsystems  Zirkon- 
Nickel-Legierung  50:50  /  Kaliumperchlorat  mit  unterschiedlichen 
Binderanteilen. 

Wie  in  Abschnitt  4.3  erwahnt,  konnten  bis  auf  eine  Ausnahme  Mischungen  mit 
Reduktionsmittelanteilen  kleiner  40  Gew.  %  nicht  zur  Reaktion  gebracht 
werden.  Ausser  bei  der  Mischung  mit  der  Zusammensetzung  35  Gew.  % 
Legierung/64  Gew.  %  KC104/1  Gew.  %  PNP  werden  die  hochsten  Gasdriicke  bei 
einem  Reduktionsmittelanteil  von  40  Gew.  %  gemessen.  Dabei  bewirkt  die 
Erhdhung  des  Binderanteils  von  1  auf  4  Gew.  %  eine  Erhohung  des  Gasdruckes 
von  210  auf  245  bar. 
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4 . 5  Anzundverzogerim( 


Die  Anziindverzogerimg  ist  definiert  als  die  Zeit  zwischen  dem  Anlegen  des 
Anziindstromes  imd  dem  Erreichen  von  10  %  des  Maximaldruckes .  Die  in  der 
nachfolgenden  Grafik  eingetragenen  Werte  sind  Mittelwerte  aus  vier  Messun- 
gen. 


Abb.  5 :  Anziindverzogerungszeiten  verschiedener  Mischungen  des  Redox- 
systems  Zirkon-Nickel-Legierung  50:50  /  Kaliumperchlorat  mit 
unterschiedlichem  Binderanteil . 


Die  Resultate  zeigen,  dass  die  Anziindverzogenmgszeit  bis  auf  zwei  Aus- 
nahmen  durch  den  Binderanteil  nicht  beeinflusst  wird.  Die  beiden  Ausnahmen 
sind  die  Mischungen  mit  35  bzw.  40  Gew.  %  Reduktionsmittelanteil  und  einem 
Bindergehalt  von  1  %.  Beide  weisen  eine  wesentlich  grossere  Anziindverzo- 
gerungszeit  auf. 
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4 . 6  Thermisches  Verbal ten 

Der  Einfluss  des  Binderanteils  auf  das  thermische  Verhalten  von  pyrotech- 
nischen  Mischungen  wurde  am  Beispiel  der  Mischung  mit  ausgeglichener 
Sauerstoffbilanz  {59  Gew.  %  Reduktionsmittel)  untersucht.  Die  DSC-Auf- 
zeichnungen  der  Mischungen  mit  einem  Gehalt  von  1,  2  und  3  Gew.-%  PNP  sind 
identisch,  d.h.  dass  der  Binder  bis  zu  einem  Anteil  von  3  Gew.  %  keinen 
Einfluss  auf  den  Beginn  und  den  Verlauf  der  Redox-Reaktion  hat. 

Ein  Binderanteil  von  4  Gew.  %  bewirkt  eine  Erhohung  der  Tempera tur  der 
maximalen  Energieabgabe  um  rund  10°C.  Die  Start tempera tur  der 
Redox-Reaktion  wird  jedoch  nicht  verandert  (Anhang) . 

4 . 7  Sicherheitskenndaten 

Bipfindlichkeit  auf  mechanische  Einflusse 

Die  Schlagempf indlichkeit  wurde  mit  der  Fallhammermethode  nach  BAM  er- 
mittelt.  Die  kritische  Schlagenergie  aller  untersuchten  Mischungen  ist 
grosser  als  20  J,  d.h.  im  Priifbereich  der  Methode  ist  kein  Einfluss  des 
Bindergehaltes  der  Mischungen  auf  ihre  Schlagempfindlichkeit  feststellbar. 


Tab.  5:  Kritische  Reibempfindlichkeit  der  Mischungen 


%  Reduktions¬ 
mittel 

Kritische  Reibstiftbelastung 

[N] 

1  %  PNP 

2  %  PNP 

3  %  PNP 

4  %  PNP 

40 

>  360 

>  360 

>  360 

>  360 

50 

>  360 

>  360 

>  360 

>  360 

59 

320 

>  360 

>  360 

324 

65 

192 

252 

240 

252 

75 

216 

180 

180 

160 

85 

120 

144 

120 

160 

95 

>  360 

>  360 

>  360 

>  360 

Die  Reibempfindlichkeit  nimmt  mit  zunehmendera  Binderanteil  geringfiigig  ab. 

Bipfindlichkeit  auf  eleJctrostatische  Entladungen 

Mit  Ausnahme  der  Mischungen  mit  einem  Reduktionsmittelanteil  von  40  Gew.  % 
bewirkt  ein  hoherer  Binderanteil  eine  Abnahme  der  Empfindlichkeit  gegen- 
iiber  elektrostatischen  Entladungen,  Bei  den  Mischungen  mit  40  Gew.  %  Re¬ 
duktionsmittel  wird  die  Empfindlichkeit  mit  hoherem  Binderanteil  grosser. 


2 


1 


Tab.  6;  Empf indlichkeit  auf  elektrostatische  Entladung 


%  Reduktions- 

Kritische  Entladungsenergie  [mJ] 

mittel 

1  %  PNP 

2  %  PNP 

3  %  PNP 

4  %  PNP 

40 

3200 

1000 

560 

32 

50 

32 

32 

56 

56 

59 

5,6 

18 

5,6 

18 

65 

3,2 

5,6 

10 

10 

75 

3,2 

1,8 

10 

5,6 

85 

1,0 

5,6 

18 

18 

95 

1,8 

10 

32 

56 

4.8  Mechanische  Eigenschaften  von  Presskorpern 

Die  nachfolgende  Grafik  zeigt  die  Druckfestigkeit  von  Presskorpern  herge- 
stellt  aus  Mischungen  mit  einem  Reduktionsmittelanteil  von  59  Gew.  %  und 
imterschiedlichen  Anteilen  an  PNP-Binder.  Als  Vergleich  ist  ebenfalls  die 
Druckfestigkeit  eines  Presskorpers  eingezeichnet,  der  aus  einer  aquivalen- 
ten  Mischungen  hergestellt  wurde,  die  als  Binder  jedoch  1  %  NC  enthielt. 
Die  Resultate  zeigen,  dass  die  Druckfestigkeit  mit  zunehmendem  Binderan- 
teil  linear  zuniirant. 


Abb.  6:  Einfluss  des  Binderanteils  in  pyrot.  Mischungen  auf  die  Druck¬ 
festigkeit  von  Presskorpern. 
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5.  Zusanmenfassung  /  Folgerungen 

Am  gut  dokumentierten  pyrotechnischen  Redoxsystem  Zirkon-Nickel-Legierung 
50:50  /  Kaliumperchlorat  wurde  der  Einfluss  des  Binderanteils  auf  die 
pyrotechnischen  Parameter,  auf  die  Sicherheitskenndaten  sowie  auf  die 
mechanische  Festigkeit  von  Presskorpern  untersucht.  Der  verwendete  Binder 
war  das  energiereiche  Polymer  Polynitropolyphenylen  (PNP) .  Die  Unter- 
suchungen  zeigen,  dass  ein  signifikanter  Zusamraenhang  zwischen  dem 
Binderanteil  und  der  Brenngeschwindigkeit  bzw.  der  Brisanz  besteht.  Mit 
zunehmendem  Binderanteil  nimmt  die  Brenngeschwindigkeit  ab  bzw.  die 
Brisanz  zu. 

Auf f allend  ist  jedoch,  dass  die  Brenngeschwindigkeit smaxima  der  vier 
Versuchsreihen  jeweils  nahe  bei  der  Zusammensetzung  mit  ausgeglichener 
Sauerstoffbilanz  gemass  der  fiir  das  System  postulierten  klassischen 
Reaktionsgleichung  gemessen  werden.  Dieses  Reaktionsverhalten  steht  im 
Gegensatz  zu  den  Resultaten  des  gleichen  wie  auch  anderer  Redoxsysteme, 
bei  denen  als  Binder  Nitrocellulose  verwendet  wurde  [2] . 

Dies  weist  darauf  hin,  dass  der  Bindertyp  bzw.  seine  Zersetzungsprodukte 
die  eigentliche  Redoxreaktion  beeinflussen  konnen.  Entsprechende 
Untersuchungen  werden  zur  Zeit  in  Zusammenarbeit  mit  der  Metropolitan 
University  Leeds  (UK)  durchgefiihrt . 

Die  pyrotechnischen  Parameter  Verbrennungswame ,  Gasdruck,  Anzimdver- 
zogerung  sowie  die  Starttemperatur  der  exothermen  Redoxreaktion  werden 
durch  die  unterschiedlichen  Binderanteile  in  den  Mischungen  kaum 
beeinflusst . 

Hingegen  wird  mit  zunehmenden  Binderanteil  eine  deutliche  Verbesserung  der 
Granulierung  der  Mischungen  erreicht. 
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Kurzfassung: 

Kostendruck  und  die  Forderung  nach  kurzen  Entwicklungszykien  setzen  auch  im  Be- 
reich  der  Ziind-  und  Anziindmittel  neue  Rahmenbedingungen.  Diesen  neuen  Markt^- 
forderungen  kann  im  Entwickiungsbereich  effizient  nur  mit  modernen  Methoden  bei 
Versuchsplanung,  Durchfiihrung  und  Auswertung  entsprochen  werden.  Die  zum  Teil 
sehr  komplexen  Zusammenhange  bei  der  Charakterisierung  von  ^undmitteln  entzie- 
hen  sich  oftmals  einer  analytischen  Darstellungsform.  Deshalb  war  in  der  Vergangenheit 
die  gezielte  Einstellung  von  kundenspezifischen  Eigenschaften  der  Anzundmittel  mit 
einem  sehr  hohen  experimentellen  Aufwand  und  einer  groBen  Anzahl  von  Einzel- 
schiissen  verbunden.  In  der  vorliegenden  Arbeit  wird  nun  ein  neues  Konzept  vorge- 
stellt,  das  drei  wichtige  Phasen  der  Entwicklung  von  Ziind-  und  Anzundmitteln  hin- 
sichtlich  Effektivitat,  Zeitdauer  und  Kosten  wesentlich  beeinfluBt: 

1.  Versuchsplanung 

2.  Versuchsdurchfiihrung 

3.  Auswertung 

In  der  ersten  Phase  laBt  sich  mit  den  Mitteln  der  statistischen  Versuchsplanung  die  An¬ 
zahl  der  notwendigen  MeBreihen  drastisch  reduzieren  und  in  Hinblick  auf  die  Auswer¬ 
tung  eine  optimale  Auswahl  der  MeBreihen  treffen.  Bei  der  Versuchsdurchfuhrung  karm 
durch  effiziente,  attributive  PrUfverfahren  wie  z.B.  die  Langlie-Methode  oder  durch  ei¬ 
ne  echte  Variablenprufiing  eine  deutliche  Reduzierung  der  Einzelschiisse  erreicht  wer¬ 
den.  SchlieBlich  ist  wahrend  der  Auswertung  mit  Hilfe  geeigneter  Programme  eine  op¬ 
timale  Analyse  und  Darstellung  der  MeBergebnisse  moglich. 

Anhand  eines  Beispiels  aus  dem  Bereich  der  elektrischen  Anzundmittel  wird  die  Lei- 
stungsfahigkeit  dieses  neuen  Konzeptes  vorgestellt.  Dabei  wird  die  Abhangigkeit  der 
elektrischen  Eigenschaften  wie  Streustromsicherheit,  Zundimpuls  und  Reaktionszeit  bei 
Anziindpillen  von  den  Materialeigenschaften  des  Gluhdrahtes,  der  Lamellen  und  des 
Satzes  sowie  den  geometrischen  Einbauverhaltnissen  im  Bereich  des  Gluhdrahtes  unter- 
sucht. 
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INDUCED  BURNING  RATE  INCREASE  OF  COMPOSI  TE  SOLID 
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An  experimental  parametric  study  of  the  acceleration  induced 
burning  rate  augmentation  of  composite  propellant  based  on  HTPB/AP 
in  prototype  gas  generator  for  base  bleed  of  a  155  mm  artillery  gun 
projectile  is  described.  The  effects  of  the  spin  rate,  the  aluminum 
content,  the  oxidizer  content  and  particle  size  and  the  plasticizer 
content  on  the  acceleration  induced  burning  rate  augmentation  were 
investigated.  The  burning  rate  augmentation  was  foimd  to  be  strongly 
affected  by  the  spin  rate,  the  aluminum  content  and  the  oxidizer 
particle  size. 


INTRODUCTION 

Many  studies  have  been  conducted  during  the  past  25  years  to 
extend  the  range  of  a  projectile  in  free  flight  by  the  injection  of 
relatively  small  mass  flows  of  various  gaseous  products  into  the  base 
region  ,  reducing  base  drag.^  The  technique  of  base  bleed  is 
achieved  by  gas  generator  which  is  attached  to  the  base  of  a 
projectile.  The  gas  generator,  which  is  usually  called  base  bleed  unit, 
produces  gaseous  products  by  burning  solid  propellant.  The  magnitude 
of  base  drag  reduction  depends  on  the  combustion  characteristics  of 
solid  propellant. 

A  spin -stabilized  projectile  rotates  at  high  spin  rate  during  flight 
and  the  acceleration  field  due  to  centrifugal  force  is  formed  in  gas 
generator  for  base  bleed.  Numerous  studies  revealed  that  the 
acceleration  loads  increase  the  burning  rate  of  solid  propellant  and  the 
accleration  induced  burning  rate  increase  is  affected  by  the 
acceleration  level  and  the  propellant  composition.’^^  The  HTPB/AP 
composite  propellant  with  fuel -rich  composition  is  usually  used  as 
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combustible  materials  of  gas  generator  for  base  bleed. 

This  paper  describes  an  experimental  parametric  study  conducted  to 
investigate  the  effect  of  the  following  parameters  on  the  accleration 
induced  burning  rate  increase  of  solid  propellant  in  prototype  gas 
generator  for  base  bleed  of  a  155  mm  atillery  gun  projectile  :  the 
accleration  level,  the  aluminum  content,  the  oxidizer  content  and 
particle  size  and  the  plasticizer  content. 


GAS  GENERATOR 

The  gas  generatoi'  for  base  bleed  of  155  mm  artillery  gun 
projectile  consists  of  cylinderical  motor  case  and  igniter  assembly  and 
propellant  grain.'^’  Propellant  grain  shown  in  Fig.l  has  a  cylinderical 
shape  with  two  segments.  External  and  end  surfaces  are  inhibited  so 
that  combustion  takes  place  on  inner  cylinderical  surface  and  four 
planar  surfaces  separated  by  a  slot.  The  centrifugal  acceleration 
vector  due  to  spin  is  pei-pendicular  to  the  cylinderical  surface  and  is 
parallel  to  the  planar  surface. 


EXPERIMENT 
Ground  Test  Fixture 

A  schematic  diagram  of  the  spin  fixture  is  shown  in  Fig. 2.  The 
rotor  is  supported  by  a  set  of  duplex  bearings  at  the  two  pedestal 
locations.  The  gas  generator  for  base  bleed  is  seen  on  the  left  side 
of  the  spin  fixture.  The  rotor  is  connected  to  the  electric  motor  by 
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the  timing  belt.  Signal  leads  pass  from  the  canister  through  the  rotor 
shaft  and  aie  connected  to  the  slip  ring  assembly  which  is  on  the  far 
right  of  Fig.2.  The  signals,  which  are  detected  from  pressure 
transducer  and  thermocouple  mounted  to  the  chamber  of  propellant 
grain,  were  transmitted  to  the  computer  system  for  data  acqusition 
and  analysis  through  the  slip  ring.  The  pressure  transducers  used  in 
these  experiments  were  purchased  from  the  Kulite  Corporation  and  are 
miniature,  solid-state  semiconductor  strain  gauge  sensors  with  a  four 
element  bridge  circuit.  The  transducers  are  rated  for  25  psia  full 
schale.  A  tungsten -rhenium  thermocouple  was  used  to  measure 
temperature  inside  the  propellant  chamber.  The  slip  ring  assemble 
(Eaton  Co.),  rated  at  8,000  rpm  during  continuous  use,  was  used  to 
acquire  data  signals  from  the  rotating  payloads.  The  slip  ring 
assembly  contained  12  epoxy -embedded  coin  silver  slip  rings.  Two 
silver  graphite  brushes,  which  were  easily  replaceable,  made  contact 
with  each  of  the  rotating  rings.  The  propellant  was  ignited  by 
applying  20  volt  to  the  electric  match,  igniting  the  black  powder  which 
in  turn  ignited  the  propellant  grain.  The  analog  signals  which  were 
transmitted  though  slip  ring  and  conditioning  amplifier  (Measurement 
Group  Co  Model2310)  were  digitized  at  1000  samples  per  second  by  a 
digitizer  (Lecroy  6810)  and  were  stored  on  a  personal  computer 
containing  GPIB  card. 

The  spin  rate  can  be  controlled  within  +  50  rpm  by  a  electronic 
controller  and  is  obtainable  up  to  15000  rpm. 


Fig.2  Schematic  Diagram  of  the  Spin  Fixtnire 
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Ballistic  Firing  Tests 

In  order  to  investigate  the  acceleration  induced  burning  rate 
increase  in  a  gas  generator  of  a  projectile  in  flight,  some  projectiles 
with  base  bleed  unit  were  fired.  Firings  were  made  at  820  m/s  muzzle 
velocity  and  900  mils  quadratic  elevation.  The  trajectory  was 
measured  by  a  combination  of  the  doppler  radar  measuring  the 
beginning  of  the  trajectory  and  the  the  pulse  tracking  radar  covering 
the  rest  of  the  trajectory.  The  burning  time  of  propellant  grain  can  be 
calculated  from  the  decceleration  variation  of  a  projectile  in  flight.  The 
burn-out  of  propellant  burning  shows  the  sharp  discontinuity  in 
decceleration -time  curve. 


RESULTS  AND  DISCUSSION 

The  parameters  that  are  thought  to  be  important  in  the 
acceleration  induced  burning  rate  increase  in  this  study  are  chosen  as 
follows  :  the  spin  rate,  the  aluminium  content,  the  oxidizer  content  and 
pailicle  size  and  the  plasticizer  content.  The  three  values  chosen  as 
the  spin  rate  were  0,  10,000  and  15,000  I'pm,  which  coiTespond  to  0, 
24,200  and  54,000  g  of  acceleration  normal  to  cylindrical  surface  at  r  = 
22  mm  respectively.  Four  cases  of  the  aluminium  content  are 
considered  as  follows  :  0.0,  0.5,  1.5,  5.0  %  The  oxidizer  contents  are 
varied  from  71  %  to  80  %.  In  order  to  investigate  the  effect  of 
oxidizer  particle  size,  a  bimodal  60/6  ^m  with  a  fraction  ratio  of  24/76, 
50/50  and  76/24,  respectively,  was  tested.  In  addition,  two  cases  of  the 
plasticizer  content  are  tested  as  follows  *.  0.0  and  3.127  % 

Base  bleed  unit  with  propellant  grains  were  fired  under  the 
constant  spin  rate  predeteiTnined.  The  average  burning  rate  at  the 
various  spin  rate  is  calculated  by  dividing  the  web  thickness  by  the 
burning  time,  determined  from  the  measured  pressure  history.  All  tests 
were  carried  out  after  preconditioning  proi>ellant  at  a  temperature  of 
21  t  . 

Effect  of  the  Spin  Rate 

The  chamber  pressure  history  as  a  function  of  time  for  various 
spin  rate  are  plotted  in  Fig.3  .  The  burning  rate  is  found  to  be 
strongly  depend  on  the  magnitude  of  the  spin  rate,  that  is  to  say,  that 
of  the  acceleration  level.  The  average  burning  rate  increases  from  1.12 
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mm/s  at  zero  rpm  to  3.16  mm/s  at  10000  rpm  and  to  3.55  mm/s  at 
15000  rpm.  It  was  reported  in  the  literatnre'^^  that  no  burning  rate 
augmentation  will  occur  until  reaching  a  threshold  acceleration 
sufficient  to  hold  on  the  propellant  surface  AP (Ammonium  Pechlorate) 
particles  that  would  otherwise  escape  the  surface  and  the  burning  rate 
will  increase  with  accleration  as  more  of  the  AP  particle  mass  is 
consumed  in  the  propellant  surface. 


Fig.3  The  chamber  pressure  trace  with  time  for  various  spin  rate 


Effect  of  the  Aliuninmn  Content 

The  chamber  pressure  history  as  a  function  of  time  for  various 
aluminum  content  at  3000  rpm  is  shown  in  Fig.4  Adding  aluminum 
decrease  the  burning  time  considerbly  ,  or  increased  the  chamber 
pressure  as  shown  in  the  figure.  This  is  due  to  the  enhanced  radiation 
heat  transfer  by  aluminum  combustion  and  enhanced  retention  of 
aluminium  on  the  burning  surface,  increasing  the  burning  surface  area. 
The  change  of  aluminum  content  from  0  %  to  5  %  gives  62  % 
increase  of  the  burning  rate  from  1.74  mm/s  at  0  %  aluminium 
content  to  2.82  mm/s  at  5  %  aluminium  content. 
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Fig.4  I'he  chamber  pressure  trace  with  time 
for  various  aluminum  content 


Effect  of  the  Oxidizer  Content 

A  fuel-rich  composite  propellant  gives  more  base  drag  reduction 
because  higher  temperature  can  be  kept  downstream  of  the  base  by  a 
secondary  combustion  with  a  surrounding  air.*^^  However,  too  little 
oxidizer  content  decrease  performance  because  of  more  unstable 
reignition  after  launch. 

Fig.5  shows  the  chamber  pressure  history  as  a  function  of  time  for 
various  oxidizer  content  .  Considering  that  increase  of  AP  content 
from  71  %  to  80  %  gives  increasing  of  burning  rate  from  0.9  mm/s  to 
1.26  mm/s  in  the  strand  burner  test  at  14.7  psia,  the  effect  of  spin 
rate  on  burning  rate  decreases  as  AP  content  increase.  As  AP  content 
increase  from  71  %  to  80  %,  the  pressure  variation  pattern  as  a 
function  of  time  changed  gradually  from  the  progressive  burning  to 
the  neutral  burning. 


Effect  of  the  Oxidizer  Parl!cle_Size 

The  effect  of  oxidizer  particle  size  on  the  accleration  induced 
burning  rate  increase  was  studied  by  using  firing  test  results. 
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The  burning  time  was  measured  by  reading  the  decceleration 
pattern  showing  the  sharp  burn-out  discontinuity  as  shown  in  Fig.6. 
The  change  of  the  fine  AP  content  from  76  to  24  %  gives  decrease  of 
the  burning  time  from  48  seconds  to  37  seconds.  The  higher  the  fine 
AP  content,  the  more  sensitive  the  burning  rate  to  the  acceleration 
effect.  This  is  because  the  retention  of  the  fine  AP  oxidizer  particles 
on  the  propellant  surface  was  developed  by  the  centrifugal  force. 


Effect,  of  the  Plasticizer  Content 

The  chamber  pressure  history  as  a  function  of  time  for  various 
plastcizer  content  at  3000  rpm  is  shown  in  Fig.7  The  highly 
plasticized  composition  is  more  sensitive  to  acceleration  effects.  This 
is  due  to  migration  of  the  plasticizer  to  the  wall  side  of  the  motor 
case  by  the  centrifugal  force,  which  increases  the  solid  content  ratio 
within  the  propellant  grain,  increasing  the  burning  rate. 


Fig.5  The  chamber  pressure  trace  with  time 
for  various  oxidizer  content 
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Fig.7  The  chamber  pressure  trace  with  time 
for  various  plasticizer  content 


CONCLUSIONS 

A  comprehensive  experimental  parameteric  study  of  the  effect  of 
acceleration  on  the  burning  rate  of  composite  propellant  based  on 
HTPB/AP  was  carried  out.  The  experiments  were  carried  out  in  the 
spin  rate  range  0  -  15000  rpm.  The  results  of  this  study  may  be  used 
as  guidelines  for  design  of  base  bleed  unit,  and  its  propellant 
formulation. 
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KURZFASSUNG; 

Unter  pyrotechnischen  Tamnebeln  werden  hier  alle  Fest/Fliissig-Aerosole  verstanden,  welche 
durch  pyrochemische  Reaktionen  (chem.  Bildung  der  aktiven  Aerosolkomponenten)  oder  diirch 
Explosivstoffdispersion  gebildet  werden  (Ausbringung  bereits  fertiger  aktiver  Aerosol¬ 
komponenten  durch  pyrotechnische  Oder  Explosivstoffladungen). 

Beide  Varianten  werden  mit  typischen  Beispielen  erlautert.  SchlieJilich  werden  diese  Nebel  mit 
ihren  physikalischen  Daten  zur  Verhinderung  der  Entdeckung  oder  zur  Tauschung  im  visuellen, 
infraroten  und  RADAR-Bereich,  respektive  als  mono-,  bi-  oder  multispektrale  Tamnebel 
charakterisiert. 

Ihre  Anwendung  in  station^en  Anlagen,  Wurfkorpem,  oder  als  Wirkladungen  von  Raketen  und 
Artilleriegeschossen  wird  beispielhaft  dargestellt.  Aufgrund  der  Er^ebnisse  von 
Umweltvertraglichkeitsuntersuchungen  der  FhG,  Institut  fiir  Umweltchemie  und  Okotoxikologie, 
wird  auch  auf  Aspekte  der  toxikologischen  und  okologischen  Wirkung  der  Aerosole  und  der 
beim  Abbrand  entstehenden  Riickstande  eingegangen. 


ABSTRACT; 

Pyrotechnic  smokes  for  screening,  as  referred  to  in  this  paper  are  solid/liquid  aerosols  being 
generated  by  pyrochemical  reactions  (chem.  formation  of  the  active  aerosol  component)  as  well 
as  by  explosive  dissemination  (dispersion  of  already  preshaped  aerosol  components  by  HE  or 
pyrotechnic  bursting  charges). 

Both  types  will  be  presented  with  typical  examples.  The  smoke  types  will  be  characterized  by 
their  physical  properties  and  addressed  as  mono-,  bi-  or  multispectral  smokes  being  capable  to 
attenuate  or  conceal  in  the  visual,  infrared  or  mm-wave  region  of  the  electromagnetic  spectrum. 
Their  application  in  stationaiy  installations,  grenades  or  as  effect  charges  of  artillery  ammunition 
(shells  or  rockets)  is  presented  with  examples.  According  to  results  of  environmental 
compatibility  tests  also  aspects  of  toxicity  and  ecological  behaviour  of  the  smokes  (aerosol  and 
ashes)  are  discussed. 
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PYROTECHNISCH  ERZEUGTE  TARNNEBEL  -  EIN  UBERBLICK 

Inhaltsiibersicht 

Begriffsbestimmungen  und  Lambert  Beer'sches  Gesetz 
Pyrotechnische  Nebelsatze 

1 .  Bildung  des  Nebelstoffes  durch 
pyrochemische  Reaktion 

2.  Dispergierung  von  Nebelstoff  durch  Anziind- 
oder  Zerlegerladungen 

Beispiele  und  Anwendungen  pyrotechnischer  Nebelsatze 

1 .  Tarnnebel  gegen  optische  Detektion 

2.  Tarnnebel  gegen  optische,  optronische  und 
RADAR-AufkIarung 

3.  Multispektrale  Tarnnebel 
Sonderanwendungen  und  Ausbiick 
Literaturverzeichnis 


Begriffsbestimmungen  und  Lambert  Beer'sches  Gesetz 

Unter  pyrotechnischen  Tarnnebeln  sollen  hier  vier  Typen  von  kiinstlich  erzeugten  Aerosolen 
verstanden  werden. 

Durch  pyrochemische  Reaktionen  gebildete  hygroskopische  Oder  andere  Stoffe, 
welche  durch  die  uberschiissige  Energie  des  pyrotechnischen  Satzes  verdampft 
Oder  sublimiert  und  mit  den  Reaktionsgasen  ausgetrieben  werden. 

Nebeistoffe,  die  bereits  als  solche  im  pyrotechnischen  Satz  vorliegen  und  durch 
den  EnergieiiberschuB  der  pyrochemischen  Lmsetzung  des  Nebelsatzes 
verdampft  Oder  sublimiert  Oder  mit  den  Reaktionsgasen  ausgetrieben  werden. 

Durch  Explosivstoffdispersion  oder  pyrotechnische  Zerlegerladungen  in  der 
Atmosphare  dispergierte  Feststoffe 

Durch  Explosivstoffdispersion  oder  pyrotechnische  Zerlegerladungen  in  der 
Atmosphare  dispergierte,  hygroskopische  Fliissigkeiten. 

Zur  Abrundung  und  Begrenzung  des  Begriffs  Tarnnebel  wird  auBerdem  das  Lambert-Beer'sche 
Gesetz  herangezogen,  welches  die  Schwachung  der  Intensitat  einer  Strahlung  ^  nach  Durchgang 
einer  Strecke  1  in  Bezug  zur  Ausgangsstrahlung  setzt.  Die  Schwachung  findet  durch  Absorption, 
Reflektion  und  Streuung  statt  und  ist  auBer  von  der  Weglange  auch  von  der  Partikel-  oder 
Aerosolkonzentration  c  und  einer  Stoffkonstanten,  dem  Massenextinktionskoeffizienten  a 

abhangigb2). 
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(X  (X)  Wl 

Daraus  und  mit  den  vorher  beschriebenen  Randbedingungen  ergibt  sich  als  allgemeine  Definition 
fiir  einen  pyrotechnischen  Tamnebel: 

Tarnnebel  ist  ein  kiinstliches  Aerosol  schwebf^iger  Teilchen,  das  aus  Tropfchen, 
Feststoffen  Oder  Gemischen  von  beiden  besteht.  Tarnnebel  absorbiert,  streut  und 
reflektiert  elektromagnetische  Strahlung.  Seine  heutige  Anwendung  reicht  von  0.1 
pm  bis  5  mm  Wellenlange.  Tarnresultat  ist  immer  eine  D^pfung  der  Ausgangs- 
oder  Beobachtungsstrahlungsintensitat. 

Im  Vortrag  werden  die  beiden  mit  Explosivstoff  dispergierten  Typen  nur  der  Vollstandigkeit 
halber  erwahnt.  Durch  Generatoren  erzeugte  kunstliche  Tamnebel  finden  hier  ebensowenig 
Beriicksichtigung  wie  die  Techniken  zur  Erzeugung  kiinstlicher  Scheinziele  im  Infraroten 
(decoys)  und  RADAR  (chaff). 


Pyrotechnische  Nebelsatze 

Bildung  des  Nebelstoffes  durch  pyrochemische  Reaktion 

Auf  der  pyrochemischen  Bildung  hygroskopischer,  sublimierbarer  Stoffe  beruhen  die  klassischen 
HC-Nebelsatze,  Das  geschieht  z.B.  durch  den  Umsatz  von  organischen  Chlordonatoren  wie 
Hexachlorethan  (C2CI6)  Oder  Hexachlorbenzen  (C6C16)  mit  anorganischen  Oxiden  Oder 
Metallpulvem.  Die  ^bei  gebildeten  Chloride  entstehen  in  sublimierbarer  Form,  entweichen  mit 
den  iibrigen  Verbrennungsgasen  und  bilden  zusammen  mit  der  Luftfeuchtigkeit  dichte,  im 
optischen  Bereich  wirksame  Tamnebel  (Gleichungen  1  und  2). 

Gl.  1  3  ZnO  +  2  Al  +  C2CI6  --->  3  ZnCb  +  AI2Q5  +  2  C 

ZnCl2  +  6  H2O  - ->  [  Zn(OH)2  (H20)4]Cl2  — >  ->  Zn(OH)2+  2  HCI 

Gl.  2  Fe2Q3  +  Al  +  C6CI6  — >  F^Cl6+  AI2O3  +  6  C 

Fe2Cl6  +  6  H2O  — >  — >2  Fe(OH)  3+  6  HCI 

Die  bei  diesen  Umsatzen  immer  zwangslaufig  mitgebildete  Salzsaure  und  die  nicht  immer 
vollstandig  verlaufende  Dechloriemng  der  organischen  Bestandteile  mit  der  Folge  der  Bildung 
polychlorierter  organischer  Verbindungen  mit  hohem  okologischen  Risikopotential  hat  die 
Verwendung  dieser  Nebelsatze  in  der  Vergangenheit  bereits  stark  eingeschrankt.  Es  hat  daher 
nicht  an  Versuchen  gefehlt,  hier  durch  umweltfreundlichere  Nebelbildner  Abhilfe  zu  schaffen. 

Ein  Ansatz  war  der  wahrend  der  Jahrestagung  1981  vorgestellte  NT-Nebel  3).  Als  Nebel- 
komponente  wurde  hier  wie  bei  den  HC-Nebelsatzen  auch  das  ZnCE  gebildet,  jedoch  durch 
Amminkomplexe  gebunden,  sodaB  seine  starke  Hydrolyse  mit  der  Folge  der  Bildung  von 
Salzsaure  verhindert  wurde. 

Gl.  3  16  ZnO  +  12  NH4CIO4  +  8  NH4CI  +  3  (C5H4CI 4  )  +  C24H38O4 - > 

[16ZnCl2  •2ONH3  •35H201+33  C0  +  6C 
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Die  Verwendung  des  Schwermetalls  Zink  und  die  lediglich  zeitlich  verzogerte  Hydrolyse  waren 
jedoch  nicht  ausreichend,  sodaB  sich  dieser  Nebelsatz  noch  nicht  voll  durchsetzen  konnte. 

Durch  Arbeiten  an  Diingeaerosolen  4,  5)  gelang  dann  die  Entwicklung  eines  KM-Nebel  genann- 
ten  Produktes  ohne  erkennbares  toxisches  Potential.  '^) 

Gl.  4  9  Mg  +  2  KNO3  +  KCIO4 - >  9  MgO  +  K2O  +  KCI  +  N2  +  E 

44%  zusatzliches  KCI  wird  dabei  verdampft 

Auch  hier  erzeugt  der  Umsatz  der  Chemikalien  Kaliumperchlorat  und  Magnesium  die  Nebel- 
bildner  KCI  und  MgO,  Die  Ausbeute  an  Nebelpartikeln  ist  gemessen  an  den  klassischen 
Nebelsatzen  bereits  erheblich  eingeschrankt,  da  MgO  iiberhaupt  nicht  mit  der  Luftfeuchte  reagiert 
und  KCI  nur  mit  Luftfeuchten  >  90%  starker  wirksame  Nebel  bildet^).  KM-Nebel  ist  aufgnind 
seiner  umweltfreundlichen  Eigenschaften  als  Ub-Nebel  bei  der  BW  eingefiihrt  worden. 

In  den  USA,  UK  und  AUS  kam  man  zu  anderen  Losungen,  urn  die  giftigen  HC-  und 
Phosphornebel  fur  Ubungszwecke  zu  ersetzen.  Als  Nebelbildner  wurden  sublimierbare 
organische  Verbindungen  wie  Zimtsaure  und  Terephthalsaure^)  eingesetzt.  Der  Satzaufbau 
entspricht  am  ehesten  Rauchsatzen  und  ist  aus  diesem  Grunde  nicht  ganz  unbedenklich.  (Bildung 
chorierter  organischer  Stoffe  durch  KCIO3;  Erzeugung  teiloxidierter  Verbindungen  und  CO  aus 
Azidpolymeren). 

Es  ist  heute  praktisch  nicht  mehr  moglich,  toxikologisch  bedenkliche  Nebelstoffe  einzufuhren. 
Umweltvertraglichkeitspriifungen  vor  der  Einfiihrung  werden  mehr  und  mehr  obligatorisch.  Auch 
ein  neuer  multi spektraler  Nebel  von  MCO^O),  der  ebenfalls  auf  dem  pyrochemischen  Prinzip  der 
Bildung  der  aktiven  Nebelspezies  in  einem  pyrotechnischen  Safz  beruht,  wurde  einer  solchen 
Priifung  durch  das  Fraunhofer  Institut  fur  Umweltchemie  und  Okotoxikologie  unterzogen.  Es 
wurde  kein  dkotoxikologisches  Potential  festgestellt^^). 

Gl.  5  7  Mg  +  6  CjiX  +  KCIO4  +  add. - >  C„  +  4  MgO  +  3  MgX2  +  +  (schematisch) 

Durch  Umsetzung  der  energiereichen  Komponenten  KCIO4  und  Mg  wird  die  Graphit-verbindung 
CnX  zersetzt  und  der  dabei  zuriickgebildete  Graphit  mit  den  Verbrennungsgasen  ausgetrieben. 
Aufgnind  ihrer  geometrischen  Form  sind  diese  Graphitpartikei  im  optronischen  und  HF-Bereich 
des  RADAR-Spektrums  tamwirksam  (siehe  unten). 


Dispergierung  von  Nebelstoff  durch  Anziind-  Oder  Zerlegerladungen 

Die  zweite  groBe  Gruppe  der  kiinstlich  erzeugten  Nebel  hat  die  aktive  Nebelspezies  bereits 
vorgeformt  im  Nebelkorper  (Staube,  hygroskopische  Fiussigkeiten)  oder  der  Nebel  wird  durch 
Umsetzung  mit  dem  Sauerstoff  der  Luft  gebildet  (RPAVP-Nebel). 

Gl.  6  RP  — >  — >  P4  +  5  O2  — >  P4O10  (+  H2O)— >  (H3P03)x  (+  H2O)  — >  H3PO4 

Fine  Anziindladung,  wie  im  Falle  der  Phosphornebel  bzw.  eine  Zerlegerladung,  die  auch  aus 
Sprengstoff  bestehen  kann,  verteilt  die  Nebelpartikel  am  Wirkort. 

Diese  Art  der  Nebelerzeugung  wird  alleine  oder  in  Verbindung  mit  der  im  vorigen  Kapitel 
beschriebenen  Methode  immer  dann  eingesetzt,  wenn  die  Tamung  bereits  nach  wenigen 
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Sekunden  wirken  soli.  Man  findet  daher  Anwendungsbeispiele  besonders  beim  Selbstschutz  von 
Kampfpanzern. 


Beispiele  und  Anwendungen  pyrotechnischer  Nebelsatze 

Die  in  den  beiden  vorhergehenden  Abschnitten  genannten  Nebelstoffe,  gebildet  und  dispergierbar 
durch  pyrochemische  Umsetzung  Oder  Explosivstoff,  werden  in  zahlreichen 
Nebelmunitionssorten  eingesetzt.  Ihre  Verwendung  kann  in  statischen  Nebelkorpem 
(Nebelkerzen,  Nebeltopfe),  in  Nebelwurfkorpem  (Nebelhandgranaten,  Irritation skorper  fiir 
polizeiliche  Einsatze,  Nebelkdrper  fiir  Panzerselbstschutz,  40,  66,  76,  80,  81mm)  oder  in  mit 
Rohr-  Oder  Raketenartillerie  verchossenen  Wirkladungen  (75, 81,  120,  155  mm,  MLRS)  erfolgen. 
Je  nach  Verwendungszweck  werden  ortlich  begrenzte  Scenarien  fur  kurze  Zeit  vemebelt 
(Panzerselbstschutz)  oder  grofie  Flachen  der  Beobachtung  zum  Teil  iiber  Stunden  entzogen 
(Nebelgeneratoren,  Objektschutz).  Die  Tarnung  erfolgt  hauptsachlich  im  Visuellen  (0.4  -  0.7 
pm),  kann  aber  auch  den  IR-Bereich  (0.7  -  1.6,  3  -  5,  8  -  14  pm)  und  den  HF-Bereich  des 
RADARS  (1-5  mm)  betreffen,  oder  fiir  alle  3  Bereiche  gleichzeitig  dienen.  Auf  die  Anwendung 
in  den  einzelnen  spektralen  Bereichen  wird  im  folgenden  naher  eingegangen. 


Tarnnebel  gegen  optische  Detektion 

Im  VlS-Bereich  von  0.4  -  0.7  pm  Wellenlange  wurden  bisher  klassische  Nebel,  vor  allem  auf  der 
Basis  von  HC-,  HCB-,  HCH-  RPAVP-Nebelsatzen  verwendet.  Vorausgesetzt  die  Luftfeuchtigkeit 
ist  >  50  %,  dann  wird  dieser  Bereich  zuverlassig  abgedeckt.  Der  Nebel  besteht  dabei  zumeist  aus 
einem  Aerosol  feinster  Wassertropfchen  und  kleiner  Feststoflpartikel  (RuB,  Oxide)  und  hat  einen 
ausgesprochen  niedrigen  pH-Wert.  In  den  Wassertropfchen  sind  die  hygroskopischen 
Nebelstoffe  gelost,  und  darin  spielen  sich  auch  die  Hydrolysevorgange  ab,  die  zur  Bildung  der 
Saure  fiihren  (FlCl,  FI3PO4).  Auch  TiCU  und  Chlorsulfonsaure  (CI-SO3FI)  gehdrt  zu  diesem 
Nebeltyp  (Explosivdispersion).  Die  Partikel  und  Wassertropfchen  haben  aerodynamische 
Durchmesser  von  ca.  0.1  -  1.0  pm  in  Form  einer  GauB-Verteilung*),  die  auch  bimodale  Struktur 
haben  kann^-).  Die  Nebelausbeute  ist  neben  der  Abhangigkeit  vom  Wirkstoff  selbst 
ausgesprochen  luftfeuchteabhangig.  Der  Massenextinktionskoeffizient  a  liegt  bei  diesen  Nebeln 
etwa  zwischen  3  und  10  m-l  g. 

Aufgrund  ihrer  ausgesprochen  umweltunfreundlichen  Eigenschaften  hat  es  nicht  an  Versuchen 
gefehlt,  sie  durch  weniger  agressive  Stoffe  zu  ersetzen.  Neben  anderen  sind  hier  NH4C1-Nebel, 
NT-  und  schlieBlich  KM-Nebel  zu  nennen  6),  letzterer  ohne  erkennbares  toxisches  Potential  '^), 
jedoch  bereits  deutlich  schwacher  in  der  Nebelbildung^). 


Tarnnebel  gegen  optische,  optronische  und  RADAR-Aufklarung 

Sind  die  im  vorigen  Kapitel  erwahnten  klassischen  Nebel  noch  fiir  den  nachsten  IR-Bereich  bis 
etwa  1.2  pm  wirksam,  so  fallen  ihre  a-Werte  danach  steil  ab,  es  werden  nur  noch  0.05  -  0.2  m-/ 
g^)  erreicht.  Im  sich  anschlieBenden  Fenster  zwischen  3  und  5  pm  und  erst  recht  im  femen  IR- 
Fenster  zwischen  8  und  14  pm  sind  diese  Nebel  nicht  mehr  geeignet.  Streuung,  Absorption  und 
Reflektion  der  Strahlung  dieser  Wellenlangen  wird  durch  Losungstropfchen  und  Partikel  der 
genannten  GroBenordnung  kaum  mehr  beeinfluBt.  Fiir  wirksame  Tarnnebel  im  IR-Bereich  >  1.5 
pm  sollte  sich  der  Massenextinktionskoeffizient  aoberhalb  von  min.  1.5  m-/  g  bewegen. 
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Effektive  Tamung  bis  etwa  14  fim,  den  heute  allgemein  genutzen  IR-Bereich  fiir  FLIR  und 
Warmebildtechnik  wird  besonders  durch  Metallstaube  definierter  Partikelgrofte  und  Form 
erreicht.  International  hat  sich  hier  das  Messing  durchgesetzt.  Aber  auch  Graphitpartikel  und 
RuB,  vorausgesetzt  ihr  Partikelspektrum  ist  geeignet,  leisten  in  diesem  Bereich  beachtliche 
Tambeitrage. 

Geht  man  von  vorgeformtem,  kompaktiertem  Material  aus,  so  wird  dieses  zur  Ausbildung  der 
Tamwolke  durch  Zerlegerladungen,  vorzugsweise  aus  Explosivstoff  (z.B.  RDX)  dispergiert.  Die 
so  ausgebrachten  "Nebel"  haben  zwar  den  Vorteil  schneller  Tamwirkung,  werden  jedoch  vom 
Wind  sehr  schnell  verdiinnt  und  verweht,  sodaB  "nachgefuttert"  werden  muB. 

RuB  geeigneter  PartikelgroBe  und  Partikelform  kann  durch  pyrotechnische  Satze  erzeugt  werden. 
^3)  Dadurch  wird  eine  Tamquelle  erhalten,  welche  wie  die  klassischen  Nebelsatze  iiber  eine 
gewisse  Zeit  die  aufgebaute  Nebel  wand  nachfiittert. 

Neuere  Entwicklungen  im  Hause  NICO  haben  mit  meBtechnischer  Unterstiitzung  durch  das 
BICT  14)  pyrotechnische  Nebelsatze  hervorgebracht,  die  Graphitpartikel  mit  Multipol- 
eigenschaften  durch  thermische  Zersetzung  von  Graphitverbindungen  bilden  und  diese  als 
Aerosolwolke  dispergieren.  Mit  diesen,  bis  zu  einem  gewissen  Grade  leitfahigen  Aerosolwolken 
lassen  sich  nicht  nur  im  IR-Bereich,  sondem  auch  im  FIF-Bereich  des  RADARS,  im  sogenannten 
mmWellen-RADAR  (MMW)  gute  Tamwirkungen  erzeugen.  Die  RADAR-Signale  erfahren  beim 
Durchgang  durch  diese  Graphitwolken  Dampfungen  >  20  dB  (siehe  Abb.  1  und  2). 


Multispektrale  Tarnnebel 

Mit  den  im  mmWellenRADAR  wirksamen  Partikelaerosolen  als  Basis  und  pyrotechnischen 
Heizsatzen  (z.B.  KC104/Mg),  welche  Abbrandprodukte  haben,  die  im  visuellen  Bereich  zwischen 
0.4  und  0.7  pm  Nebelwolken  bilden  konnen,  lassen  sich  heute  Nebelsatze  herstellen,  die  beim 
Abbrand  Tamwolken  erzeugen,  welche  den  gesamten  elektromagnetischen  Spektralbereich  mit 
Wellenlangen  zwischen  0.4  pm  und  etwa  5  mm  abdecken.  Man  hat  diese  Multispektralnebel 
inzwischen  in  NATO-Feldversuchen  im  Winter-  und  Sommerklima  untersucht  und  ihre 
breitbandigen  Tameigenschaften  bestatigt.  Diese  neuen  Nebelsatze  lassen  sich  in  alle  gangigen 
Nebelkorper  laborieren.  In  Wurfkdrpem  fiir  den  Selbstsschutz  von  Panzem  ebenso  wie  in  Rohr- 
und  Raketenartilleriemunition  helfen  sie,  sich  der  Bedrohung  durch  Multisensordetektion  von 
Raketensuchkdpfen,  anderer  fire  and  forget  Munition  sowie  modemen  Aufklarungsmitteln  zu 
entziehen. 


Sonderanwendungen  und  Ausblick 

Wie  mit  Beispielen  der  pyrotechnisch  erzeugten  Tarnnebel  gezeigt,  gelingt  es  auf  recht  einfache 
Weise,  die  Abbrandprodukte  pyrotechnisch er  Satze  Oder  besser:  pyrochemischer  Umsetzungen  zu 
aerolysieren.  Dieses  Prinzip  hat  langst  die  lediglich  leicht  verdampfbaren  oder  sublimierbaren 
Aerosolbiidner  wie  ZnCE  Oder  Anthrachinonfarbstoffe  (Rauchsatze  fiir  farbigen  Signalrauch) 
verlassen.  Es  gelingt  heute,  die  richtige  Energi^uelle  und  Umsetzung  vorausgesetzt,  selbst 
unverdampfbare  Stoffe  wie  Graphit  als  stetig  flieBendes  Partikelaerosol  aus  pyrotechnischen 
Nebelkorpem  zu  dispergieren.  Schon  friiher  war  gezeigt  worden,  daB  auch  Feststoffe  wie  CaO 
und  MgO  durchaus  in  aerosolfahiger  Form  herzustellen  sind  4,  5)_  Damit  ist  das  pyrotechnische 
Prinzip  der  Bildung  von  Wirkstoffen  Oder  der  Dispergierung  von  vorher  in  den 
pyrotechnischen  Satz  integrierten  Wirkstoffen  erheblich  erweitert  worden. 
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Damit  sollte  es  auch  moglich  sein,  fiir  zukiinftige  Anwendungen  derartiger  "Nebelsatze" 
toxikologische  und  Umweltrisiken  besser  zu  beherrschen.  Die  Palette  moglicher 
Aerosolkandidaten  hat  sich  durch  die  Anwendung  dieser  Pyrotechnik,  vor  allem  der  Einfiihrung 
hochenergetischer  Heizsatze  auf  der  Basis  der  Oxidation  von  Magnesium  oder  ahnlich 
energiereicher  Metalle  erheblich  erweitert  und  sollte  eine  umweltvertragliche  Auswahl  geeigneter 
Wirkstoffe  in  Zukunft  leichter  machen. 
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ABSTRACT 

This  paper  presents  a  proposal  to  use  60  wt%  or  less  concentration  of 
hydrogen  peroxide  solution  as  the  main  gas  generant  of  the  hybrid  gas 
generators  for  inflating  the  car  airbags.  The  gas  generants  confined  in 
the  module  are  50-100  ml  of  water  solution  with  60  wt%  or  less  H2O2, 
concentration,  pressurized  argon  or  nitrogen  gas  (0.1  -  10  MPa)  and 
usual  pyrotechnics  applied  to  solid  rocket  vehicles  including  the 
decomposition  catalyst  KMn04  for  H2O2.  Experimental  modules  have 
performed  the  severe  requirements  that  The  Federal  Motor  Vehicle 
Safety  Standard  (FMVSS)  and  Japanese  car  industries  have  imposed  on 
airbag  makers.  An  S-letter-type  pressure  build-up  curve,  arrival  to  the 
maximum  pressure  of  80  -  150  kPa  within  30  -  80  ms  in  60  liters  tank 
test,  and  specified  air  bag  inflation  and  contraction  sequence  aspect  have 
been  achieved.  Employing  experimental  modules,  results  of  a  60  liters 
tank  and  an  airbag  inflation  test  are  described. 


1.  INTRODUCTION 

Motive  force  to  the  progress  in  the  passive  system  for  protecting  car 
drivers  and  passengers  from  vital  injury  in  collision  accident  confronts 
the  air  bag  producers  with  some  stringent  requirements^):  downsizing. 
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decreased  temperature  on  inflated  airbag  surface,  no  toxic  gas  emission, 
reduction  in  solid  combustion  products,  lower  cost,  and  easiness  on 
disposal  and  recycling.  Gas  generators  applied  to  current  or  near¬ 
future  airbags  of  car  vehicles  are  the  consolidated  mixtures  of  solid 
oxidizer  and  fuel  chemicals  such  as  sodium  azide,  triaminoguanizine, 
tetrazoles  and  so  on^).  These  materials  encounter  the  some  obstacles 
incapable  of  getting  over.  Azide  type  gas  generants  may  contain  not 
negligible  Na20  and  Na202  in  the  burning  gases.  The  mass  production 
requests  the  high  level  of  the  safety  control  particularly  regarding  static 
electricity  hazard,  impact,  and  slight  HN3  generation  due  to  the  contact 
with  the  acidic  atmospheres.  Non-azide  and  hybrid  gas  generators  using 
double-base  propellants  have  a  problem  to  control  CO  and  NO  emission, 
and  further  too  highly  elevated  gas  temperature  conflicting  with  more 
quick  response  function  in  the  event  of  collision  is  a  common  concern  to 
azide-based  gas  generators. 

Brede3)  proposed  a  liquid  propellant  composed  of  n-butane,  nitrous 
oxide  and  carbon  dioxide  as  the  non-azide  gas  generants  and 
demonstrated  a  downsized  and  light  weight  module  with  a  higher 
performance.  However,  the  oxidizer  component,  nitrous  oxide  is  very 
expensive  and  not  tender  to  human  bodies  on  leaking  in  free  air.  The  use 
of  low  concentration  water  solution  of  hydrogen  peroxide  less  than  60 
wt%  proposed  here,  has  expressed  a  high  possibility  to  solve  mostly  the 
above  problems  by  the  combination  with  powerful  starter  and  pressurized 
gas  in  a  confined  module. 

2.  CHARACTERISTICS  OF  LOW  CONCENTRATION 
HYDROGEN  PEROXIDE 

Classical  liquid  rocket  propulsion  or  attitude  control  device  had 
employed  widely  90  wt%  H2O2.  The  decomposition  heat  of  hydrogen 
peroxide  is  as  follows:  H2O2  ^  H2O  +  I/2O2  +  98.2  kJ.  Consequently, 
once  the  decomposition  start,  the  decomposition  temperature  of  90  wt% 
H2O2  would  get  immediately  to  around  1000  K  at  the  maximum.  This 
investigation  avoids  intentionally  to  apply  such  a  high  concentration 
H2O2  to  airbag  inflators.  The  reason  consists  in  the  property  of  H2O2 
that,  as  shown  in  Fig.  1,  the  H2O2  solutions  lower  than  64.5  wt%  in 
concentration,  the  heat  of  decomposition  cannot  make  the  remaining 
liquid  temperature  elevate  further  over  the  boiling  point  at  once.  Namely, 
the  highest  temperature  at  the  outlet  of  the  module  is  limited  by  the 
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boiling  point  determined  under  the  ambient  pressure.  Figure.  1  also 
suggests  that  hazardous  state  would  be  no  longer  realized,  provided  the 
H2O2  solution  remains  in  a  region  from  11.5  to  64.5  wt%. 

Gases  released  through  H2O2  decomposition  are  non-toxic  and  solid 
combustion  products  exclusive.  In  the  hybrid  system,  oxygen  gas 
liberated  during  a  long  time  storage  shall  assist  to  convert  carbon 
monoxide  to  carbon  dioxide  through  the  liquid  and  steam  media  in  the 
event  of  collision  as  well  as  it  becomes  a  working  gas,  and  a  high  fraction 
of  steam  mist  absorbs  nitrogen  oxides,  hydrogen  chloride  and  chlorine 
gas  without  any  oxidizing  catalyst  and  filter  bed. 

A  further  advantage  of  H2O2  water  solution  is  an  azeotrope  property  in 
term  of  the  freezing  point  as  indicated  in  Fig.  2.  The  minimum  freezing 
point  of  218  K  appears  at  60  wt%  H2O2  fraction  and  even  40  wt% 
solution  gives  the  freezing  point  of  233  K.  Unfortunately,  there  is  no 
azeotrope  property  on  the  boiling  point,  but  as  practically  H2O2  solution 
is  kept  in  confined  module,  the  hazard  because  of  an  increase  in  the 
H2O2  concentration  is  not  required  to  worry  about. 

On  the  other  hand,  it  has  been  criticized  that  the  vital  disadvantage  of 
H2O2  is  related  with  the  considerably  high  rate  of  the  spontaneous 
decomposition  even  if  it  be  kept  in  the  specified  material  container. 
However,  the  recent  products,  30,  35,  50  and  60  wt%  H2O2  available  in 
market  guarantees  high  stability  owing  to  the  refining  technology 
progress  and  stringent  requirement  from  electronics  industries.  Table  1 
shows  an  analysis  example  and  Japan  Industrial  Standard(JIS)-K-8230 
for  the  purity  of  60  wt%  H2O2  solution  randomly  sampled  from  market. 
This  result  means  that  the  module  guarantees  ten  to  fifteen  year  product 
liability  on  the  quality  if  it  is  assembled  in  the  first  class  clean  room  and 
loaded  in  the  confined  cartridge  made  of  a  specified  material.  During 
long  term  storage,  indeed,  H2O2  solution  shall  incur  extremely  high 
temperature  environment,  for  instance,  more  than  263  K  and  the 
decomposition  rate  might  be  accelerated.  Nevertheless,  H2O2  solution 
shall  be  able  to  perform  the  specification  of  FMVSS  and  Japanese  car 
industries  for  ten  years. 

3.  EXPERIMENTAL 

Modules 

Two  different  gas  generator  modules  made  of  aluminum  and  stainless 
steels  are  machined  for  trial  as  shown  in  Fig.  3.  The  inner  dimension  of 
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an  aluminum-made  module  is  (j)  45  x  h  60  (95  ml)  and  stainless  steel- 
made  one  (j)  60  X  h  90.  A  few  pieces  of  copper  screen  sheets  through 
which  partially  undecomposed  H2O2  mist  and  vapor  flow,  plays  both  the 
roles  of  strainer  and  decomposition  catalyst.  Thus,  in  case  of  60  wt% 
H2O2  solution  the  working  gases  composed  of  1 8  wt%  oxygen  and  the 
remainder  of  the  mist  and  vapor  of  H2O  are  exhausted  into  the  airbags 
through  the  numerous  tiny  nozzles.  The  aluminum-made  module  has  an 
upright  sheath  in  which  mixtures  of  pyrotechnics  and  decomposition 
catalyst  is  filled.  The  stainless  steel-made  module  can  be  pre-pressurized 
with  nitrogen  or  argon  to  realize  an  effective  action  in  the  air  bag 
inflation  against  the  aging  deterioration  of  H2O2  and  even  under  various 
environmental  conditions.  Hydrogen  peroxide  solutions  are  loaded  with  a 
cartridge.  We  tested  also  the  starter  containers  made  of  three  different 
materials:  polyethylene  bag,  polymethyl  methacrylate(PMMA)  sheath 
and  confined  stainless  steel. 

Tank  Test 

According  to  the  Japanese  car  industry  specification,  4.1  and  60  liters 
capacity  test  tanks  are  prepared.  Using  4. 1  liters  tank,  at  first,  we  tested  a 
bag  type  starter  in  which  0.1  ~  0.3  g  pulverized  black  powder  and  0.6  ~ 
0.8  KMn04  catalysts  for  H2O2  decomposition  are  packed.  The  module 
sets  the  starter  at  the  bottom,  submerged  in  50  -  100  ml  of  60  wt%  H2O2 
solution.  The  pressure-time  histories  depicted  the  ideal  S-pressure  build¬ 
up  curves.  However,  it  took  approximately  50  ms  for  the  merging 
decomposition  and  300  ms  for  the  completeness  of  60  liters  airbag 
inflation  respectively,  which  are  a  poor  performance  far  from  practical 
specification.  Then,  we  assumed  it  difficult  to  meet  the  time  budget  of 
FMVSS  only  by  such  a  catalytic  decomposition  and  made  a  judgment 
that  the  simultaneous  proceeding  of  catalytic  reaction  with  thermal 
decomposition  is  indispensable  for  performing  the  outstandingly  rapid 
gas  generation. 

Figure  4(a)  is  an  example  that  the  first  module  (I)  has  passed  the  time 
budget  requested  by  FMVSS  by  employing  a  sheath  type  starter  filled 
with  black  powder,  a  mixture  of  boron  and  potassium  nitrate,  propellant 
debris  and  fine  KMn04  powder.  With  the  60  liters  test(Fig.(b)),  the 
stainless  steel  module  also  showed  an  achievement  to  pass  the  minimum 
requirements  that  the  pressure  build-up  delay  from  the  event  of  collision 
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is  10  ~  25  ms,  and  the  maximum  pressures  of  800  to  1500  kPa  should 
attain  in  30  ~  80  ms  as  seen  in  Fig.  5. 

Airbag  Inflation  Test 

Adjusting  the  diameters  of  two  vent  holes  from  zero  to  50  mm,  the  60 
liters  airbag  inflation  tests  were  conducted  with  the  modules  installing  the 
sheath  starter.  Figure  6  demonstrates  a  sequence  of  the  inflation  pictures 
taken  at  a  rate  of  250  frames  per  second.  From  the  observations  of  the 
pictures  obtained  every  four  second,  the  airbag  with  the  vent  holes  of  (j) 
15  mm  could  inflate  up  to  90  %  in  volume  within  50  ms.  After  it 
contracted  slightly  once,  the  airbag  again  has  fully  inflated  till  150  ms. 
Because  of  the  high  heat  of  condensation  the  temperature  and  pressure  of 
gases  staying  in  airbags  are  maintained  for  a  considerable  time. 
Therefore,  such  a  sequence  of  air  bag  inflation  may  make  a  relaxation 
against  the  rebound  of  human  faces  and  bodies. 

4.  CONCLUSIONS 

Water  solutions  of  hydrogen  peroxide  in  a  region  of  40  ~  60  wt%  can 
provide  the  rapid  gas  generation  enough  to  inflate  the  car  airbags  within 
the  specified  time  budget  by  promoting  the  H2O2  decomposition 
catalytically  and  thermally.  The  powerful  pyrotechnics  which  are  an 
igniter  extensively  used  in  solid  rocket  motors  but  include  the 
decomposition  catalyst  powder  of  KMn04,  were  filled  in  a  plastic 
sheath  and  a  confined  metal  cartridge  container.  The  starter  has  assisted 
for  this  system  to  achieve  the  time  budget  to  meet  the  FMVSS 
requirements. 

From  the  view  point  of  production  and  operation  safety,  clean  gas 
emission  H2O2  solutions  are  a  preferred  property:  the  main  reaction 
products  are  oxygen,  and  water  mist  and  vapor  harmless  to  human  organs 
and  solid  combustion  products  are  exclusive.  Toxic  gases,  such  as  a  small 
amount  of  carbon  monoxide,  hydrogen  chloride,  chlorine,  sulfur  dioxide 
brought  about  from  the  pyrotechnics,  solid  propellant  and  auxiliary  solid 
non-azide  gas  generants,  shall  be  oxidized  or  absorbed  mostly  through  a 
contact  and  a  mixing  time  with  the  liquid  media.  Therefore,  no  special 
catalyst  bed  or  filter  is  needed  except  copper  screens  that  plays  a  role  of 
the  catalyst  for  hydrogen  peroxide. 
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The  use  of  hydrogen  peroxide  would  contribute  to  downsizing,  reduced 
weight,  cost  lowering(two  dollars  per  kilogram  for  60  wt%  H2O2 
solution)  and  module  design  simplification. 

It  is  believed  with  H2O2  that  there  are  some  concerns  on  the  aging  and 
stability  at  high  ambient  temperatures.  However,  advanced  electronics 
industries  requested  recently  a  high  grade  purification  on  the  H2O2 
producers.  Keeping  60  wt%  H2O2  in  a  container  made  of  a  polyvinyl 
chloride  at  room  temperature  for  five  years,  we  noted  the  decomposed 
fraction  remains  less  than  1  %.  Furthermore,  as  the  inner  space  of  the 
modules  must  be  pressurized  much  or  less,  the  oxygen  gas  that  has 
formed  in  the  modules  gradually  during  a  long  time  storage,  shall  also 
become  useful  as  the  working  gas  for  airbag  inflation. 

REFERENCES 

(1)  James  P.  Karlow,  J.  John  Jakovski  and  Brian  Seymour: 
"Development  of  a  Downsized  Airbag  System  for  Use  in  Passenger 
Vehicles",  Presented  at  1994  SAE  International  Congress  and 
Exhibition.  Society  of  Automotive  Engineers,  USA 

(2)  L.  Branbilla:  "Chronik  Einer  Sicherheitsentwicklung  Verbesserter 
Insassenshutz  Durch  Die  Pyrotechnischen  Systeme:  Gurtstraffer  und 
Airbag",  Proceedings  of  1 8th  International  Annual  Conference  of  ICT 
Paper  No.  29  (1987) 
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Table  1  An  analysis  result  of  commercially  available  60  wt%  hydrogen 
peroxide  solution _ 


Concentration 

(PPb) 

Specification 

(ppm) 

300  ~  600 

Fe 

2-'5 

Cr 

1  -4 

<0.04 

Ni 

1 

Cu 

0.3  -0.5 

<0.01 

Zn 

ND* 

<0.05 

Cd 

ND 

<  0.005 

Pb 

ND 

<0.02 

As 

ND 

<0.04 

Total  Hg 

ND 

<  0.005 

Organic  Phosphorus 

ND 

<  1 

*ND:  Not  detectable 


Fig.  1  Phase  diagram  of  the  mixtures  of  H2O2  and  H2O 


Mole;(X)- 


Tank  Pressure  ,  Pt  (kPa) 


Time  [ms] 

(a)  4.1  liters  tank 


Time ,  t  (ms) 


(b)  60  liters  tank 

Fig.  4  An  example  of  pressure-time  hisories  in  4.1  and  60  liters  tank 
(Module  I,  Sample:  60  wt%  H2O2  70  ml.  Starter:  black  powder 
0.2  g,  B/KNO3  mixure  0.6  g,  propellant  debris  0.3  g,  KMn04  0.7 

g) 


Fig.  5  An  example  of  the  inflation  aspect  of  60  liters  airbag  (Module  I, 
Sample:  60  wt%  H2O2  70  ml.  Starter;  black  powder  0.2  g, 
B/KNO3  mixure  0.6  g,  propellant  debris  0.3  g,  KMn04  0.7  g) 
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An  Influence  of  the  Chemical  Structure 
of  Smoke-Producing  Mixtures 
on  the  Laser  Radiation  Extinction  at  l,06-|Lim  and  10,6-jLim 

Wavelengths 


Andrzej  Paplinski  and  Stanislaw  Cudzilo 


Military  University  of  Technology 
01-489  Warszawa 
Ul.  Kaliskiego  2 
Poland 


In  the  paper  an  influence  of  the  chemical  composition  of  smoke-producing 
pyrotechnic  mixtures  upon  their  ability  to  the  laser  radiation  attenuation  is 
investigated.  The  transmission  measurements  were  performed  at  laboratory 
conditions.  The  Nd:YAG  and  TEA  CO2  lasers  with  the  energy  density  meters 
were  used. 

The  chloroorganometallic  mixtures  containing  oxidizing  agents  as  well  as 
mixtures  which  do  not  include  oxidant  ingredients  were  examined.  In  the 
investigated  kinds  of  mixtures,  the  same  elemental  composition  was  preserved 
while  chemical  compounds  being  carriers  of  particular  elements  were  changed. 
As  chlorine  carriers  hexachloroethane  (C2CI5)  and  hexachlorobenzene 
(C^Clg)  were  employed.  The  content  of  carbon  was  modified  by  introduction 
to  the  mixtutre  of  such  compounds  as  polistyrene,  naphthalene  and 
biphenylene. 

The  obtained  results  of  laser  radiation  transmission  measurements  in  the 
aerosol  clouds  generated  by  burning  of  the  mixtures  with  altered  chemical 
compostion  enable  us  to  infere  about  influence  of  the  chemical  structure  of 
mixture  constituents  upon  the  screening  efficiency  of  aerosols. 


LOW  TEMPERATURE  SOLID  SOURCES  OP  NITROGEN 

V. ALESHIN, S. KURAKIN,  G. SHIROKOVA,  Yu.V.PROLOY, 

INSTITUTE  OP  CHEMICAL  PHYSICS  RAS. 

MOSCOW  RUSSIA 

SOLID  SOURCES  OP  GASES  ARE  GOING  TO  BE  OP  GREAT  IMPORTANCE 
POR  TECHNICS  AND  OTHERS  FIELDS. 

AVAILABLE  METHODS  OP  GAS  GENERATION  INCLUDE  A  SELP-PROPA- 
GATION  COMBUSTION  PROCESSES  OP  SOLID  COMPOUNDS  SUCH  AS 
POWDERS, SOLID  PROPELLANTS  AND  PYROTECHNICS  MIXTURES. 

SOLID  SOURCES  OP  GASES  OFFER  MANY  POTENTIAL  ADVANTAGES 
INCLUDING  A  POSSIBILITY  TO  HAVE  DESIRED  GAS  (  N2 tO^ ,002 ,CL. . . ) 
JUST  BEFORE  USING  IN  ANY  EXTERIOR  CONDITIONS , LONG  KEEPING 
TIME  UNDER  ” ATMOSPHERE"  PRESSURE, ETC. 

VARIOUS  ASPECTS  OP  THE  NITROGEN  GAS  GENERATION  BY  THE  COMBU¬ 
STION  OP  NaN^-BASED  ICEXTURES  ARE  DISCUSSED.  THE  INFLUENCE  OP 
COMPOSITION  AND  INITIAL  CONDITIONS  ON  THE  GENERATION  AND 
STRUCTURE  FORMATION  ARE  SHOM.  .THUS, THE  ALUMINA  ADDITIVES  TO 
THE  COLIPOUNDS  RESUT.T  IN  THE  DECREASE  BURNING  RATE  AND  REACTION 
TEMPERATURE.  BUT  IT  WAS  SHOVm  THAT  THIS  "INERT"  COi^iPONENT 
CAN  CHEMICALLY  REACT  WITH  THE  NaN-^. 

CONDITIONS  OP  THE  SOLID  POROUS  FRAMEWORK  FORMATION  DURING 
COMBUSTION  ARE  DISCUSSED  ALSO.  IT  IS  PROVED  THAT  SUCH 
FRAMEWORK  RESULT  IN  HIGHER  GAS  PURITIES  BECAUSE  OF  AEROSOL 
FILTRATION  DURING  COMBUSTION. 

THE  PRINCIPLES  OP  COMBUSTION  GAS  GENERATION  COMBINED  WITH 
SOME  ASPECTS  OP  APPLICATION. 


9 


1 


REDUCTION  OF  CO  AND  NOx  IN  EFFLUENT  GAS  OF 
ADCA  GAS  GENERANT  FOR 
AUTOMOTIVE  AIRBAG  INFLATORS 

by 

Kazuo  Hara,  Takayuki  Hasegawa,  Satoru  Amari,  Yoshihiko  Otsuka 
and  Tadao  Yoshida 

Department  of  Materials  Chemistry,  Hosei  University, 

3-7-2  Kajino-cho,  Koganei-shi,  Tokyo  184,  Japan 


ABSTRACT 

Several  experiments  have  been  conducted  for  reducing  the  carbon  monoxide  (CO) 
and  nitrogen  oxides(NOx)  in  the  effluent  gas  from  the  combustion  of 
azodicarbonamide  (ADCA)  based  gas  generants  for  automoive  airbag  inflators.  Used 
apparatus  is  the  60L  tank  tester  using  a  model  inflator.  Effects  of  CuO,  oxygen 
balance,  KN03  and  other  additives,  catalysts  and  external  oxidizers  were  examined 
for  reducing  the  CO  and  NOx  from  the  burning  of  the  ADCA  gas  generant.  CO 
decrased  and  NOx  increased  when  the  oxygen  balance  of  the  gas  generant 
composition  increased.  Some  catalysts  showed  effective  activity  for  reducing  CO  and 
NOx.  Addition  of  external  oxidisers  such  as  potassium  chlorate  or  nitrate  was 
significantly  effective  for  reducing  the  CO  and  NOx. 

INTRODUCTION 

A  new  non-azide  gas  generant  for  automotive  airbag  inflators  has  been  developed, 
and  the  concept  ,  performance  ,  safety  ,  health  and  environment 
aspects  were  already  presented  or  published.  The  new  gas  generant  contains 
azodicarbonamide  (ADCA)  as  a  most  basic  ingredient,  and  ADCA  contains  two 
carbon  atoms  in  a  molecule.  Therefore  our  new  gas  generant  releases  the  effluent 
gas  including  few  amount  of  carbon  monoxide  (CO)  and  nitrogen  oxides  (NOx). 
Here  we  describe  results  of  our  study  on  the  reduction  of  CO  and  NOx  in  the 
effluent  gas  released  from  the  burning  of  the  ADCA  gas  generant  in  a  model 
inflator. 


EXPERIMENTAL 


Materials 

Basic  materials  used  are  ADCA,  KC104,  CuO,  soluble  starch  and  Si02.  Other 
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oxidizers  such  as  KC103,  KNO3  and  CaOz  were  tried  to  be  used.  Examined 
catalysts  are  CuO,  C0WO4,  NiO,  V2O5,  M0O3,  WO3,  Fe203,  Fe304,  Pb(N03)2, 
NiMo04,  C0M0O4,  MoS,  Cn03,  Ni,  MgO  and  Pb304.  NaHC03  and  MgC03  were 
tried  to  be  used  as  diluent. 

A  mixture  of  KCIO4,  soluble  starch  and  some  water  is  added  to  a  mixture  of  ADCA, 
CuO,  Si02  and  other  additives,  and  whole  mixture  is  kneaded  in  a  kneader.  Formed 
pasty  intermediate  is  feeded  into  a  granulator  and  made  to  wet  granules.  The  wet 
granules  are  dried  in  a  oven  at  80  °C  for  one  hour  and  then  the  dried  granules  are 
pressed  to  pellets  by  a  pelletizing  machine. 

Test  Apparatus 

The  test  apparatus  (Fig.  1)  for  evaluating  CO  and  NOx  in  the  effluent  gas  from  the 
burning  of  ADCA  gas  generant  in  the  model  inflator  is  composed  of  a  60L  tank 
equiped  with  pressure  and  temperature  sensors  and  gas  sampling  port,  and  a  model 
inflator  with  a  pressure  sensor. 


Pressure  sensors 


Gas  Analysis 

The  effluent  gas  after  the  working  of  the  inflator  is  interoduced  into  a  IL  Tedler  bag 
from  the  60L  tank  and  the  sampled  gas  is  analysed  for  CO,  NOx  and  other 
component  gases  using  gas  detector  tubes  (Komyo  Rika  Co.  Ltd.  and  Gastech  Co. 
Ltd.). 
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Test  Procedure 

(1)  A  filter  assembly  composed  of  stainless  steel  mesh  and  ceramic  filter  is  inserted 
to  the  inside  of  the  outer  frame  of  the  model  inflator. 

(2)  A  separating  ring  and  a  coolant  are  placed  on  the  filter  assembly. 

(3)  An  inner  frame  is  placed  inside  the  filter  and  the  coolant. 

(4)  An  A1  cup  is  placed  in  the  inner  frame. 

(5)  An  enhansor  assembly  containing  B/KNO3  composition  is  pasted  to  the  bottom  of 
the  A1  cup. 

(6)  The  weighed  gas  genarant  pellets  (6mm  0  and  5mm  high)  are  poured  into  the 
cup  with  the  enhansor. 

(7)  A  squib  composed  of  Zr/KCi04  ignitor  composition  and  a  bridge  wire  is  screwed 
into  the  hole  of  the  top  cover  of  the  model  inflator. 

(8)  The  cover  is  screwed  to  the  inflator. 

(9)  The  filled  inflator  is  placed  in  the  bottom  of  the  60L  tank  tester. 

(10)  The  circuit  for  ignition  and  pressure  sensors  are  connected  and  the  top  cover  of 
the  60L  tank  is  closed. 

(11)  The  squib  is  Ignited,  and  the  pressures  of  the  inflator  and  the  tank,  and  the 
temperature  inside  the  tank  are  recorded. 

(12)  The  gas  in  the  tank  is  introduced  into  a  Tedler  bag  and  analysed  for  CO,  NOx 
and  other  gases. 


Filter 

Diffusor 

Coolant 


RESULTS  AND  DISCUSSION 
CO  and  NOx  from  Base  Composition 

The  CO  and  NOx  consentrations  in  the  eluent  gas  from  the  burning  of  30g  of  the 
basic  AKCSSi  composition  (ADCA(A)45,  KC104(K)55,  CuO(C)10,  starch(S)1.5  and 
SiO2(Si)1.0  parts)  were  following: 

CuO(A)  CuO(B) 

CO  :  15000  ppm  1200  ppm 

NOx :  600  ppm  1000  ppm 
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Effect  of  CuO 

CuO  is  one  of  the  basic  ingradients  in  our  new  gas  generant  composition.  For  the 
standard  reaction  conditions,  CuO  is  necessary  for  stable  burning  of  the  gas 
generant.  CuO  is  a  catalyst  for  increasing  burning  rate  of  the  gas  generant  and  for 
reducing  CO  concentrations  in  the  effluent  gas.  Two  types  of  CuO(A)  and  CuO(B) 
were  used.  The  latter  is  more  reactive  and  gives  more  NOx  and  less  CO  than  the 
former.  CuO  contents  in  the  composition  were  changed  and  experimental  results  are 
listed  in  Table  1  and  shown  in  Fig.  3.  It  is  seen  from  Fig.  3  that  CO  decreases  and 
NOx  increases  with  increaseing  CuO  content  in  the  composition. 

Table  1  Effects  of  CuO(B)  and  oxygen  balance  in  AKCSSi  on  CO  and  NOx 


in  the  effluent  gas 


ADCA/KC104/Cu0/Starch/Si02 

Mass  in  g 

CO  in  ppm 

NOx  in  ppm 

45/55/10/1.5/1.0 

30 

13,  500 

800 

45/60/15/1.5/1.0 

30 

7,  500 

1,500 

45/65/20/1.5/1.0 

30 

3,  200 

1,800 

45/60/10/1.5/1.0 

30 

15,  000 

1,200 

45/65/5/1.5/1.0 

30 

17,  000 

1,300 

45/65/10/1.5/1.0 

30 

10,  000 

1,300 

45/60/0/1.5/1.0 

30 

48,  000 

600 

X 

O 

z 


•  O  0  CO  •  ■  ADCA/KCIO4  =  45/55 

■  □  E  NOx  on  ADCA/ICIO4  =  45/60 

®  s  ADCA/KCIO4  =  45/65 


Fig.  3  Effect  of  added  CuO  on  [CO]  and  [NOx] 
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Effect  of  Oxygen  Balance 

The  oxygen  balance  of  the  gas  generant  composition  AKCSSi  was  changed  by 
increasing  KCIO4  or  by  adding  KNO3  from  10  to  50  parts  to  the  113  parts  of  the 
base  composition.  Here  CuO(B)  was  used.  Result  are  listed  in  Table  2  and  shown  in 
Fig.  4. 

CO  decreased  and  NOx  increased  with  increasing  KCIO4  or  increasing  KNO3  added 
to  the  AKCSSi  composition.  Fig.  4  indicates  that  KNO3  is  more  effective  than  KCIO4 
as  oxidizer.  Fig.  4  also  indicates  that  addition  of  KNO3  gives  minimum  CO 
concentration  at  30  parts  addition.  But,  NOx  increases  monotonically  with 
increasing  addition  of  KNO3. 


Table  2  CO  and  NOx  concentrations  in  tbe  effluent  gas:  effect  of  oxygen  balance 


ADCA/KC104/Cu0(B)/St.  /Si02/KN03 

mass  in  g 

CO  in  ppm 

NOx  in  ppm 

45/55/10/1.5/1.  0/0 

30 

12,  000 

1,000 

45/55/10/1.5/1.0/10 

30 

6,  000 

1,700 

45/55/10/1.  5/1.  0/20 

30 

4,  000 

2,500 

45/55/10/1.5/1.0/30 

30 

2,500 

>4,  000 

45/55/10/1.  5/1. 0/40 

30 

3,  500 

>4,  000 

45/55/10/1.5/1.0/50 

30 

5.  000 

>4,  000 

45/60/10/1.5/1.  0/0 

30 

15,  000 

1,200 

45/65/10/1.5/1.0/0 

30 

10,000 

1,300 

0  10  20  30  40  50 

Added  KCIO4  or  KNO3  in  part 


Fig.  4  Plot  of  [CO]  and  [NOx]  against  KCIO4  or  KNO3  added 
to  113  part  of  the  AKCSSi  composition 
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Primary  Evaluation 

Fig.  5  shows  the  plot  of  log[CO]  against  iog[NOx]  for  the  30g  AKCSSiN(N:KN03) 
gas  generant  in  the  60L  tank  test.  The  solid  line  is  for  the  best  results  of  low  CO 
and  NOx.  Examples  of  the  test  results  are  listed  in  Table  3. 


Table  3.  Examples  of  best  AKCSSiN  compositions  for  low  CO  and  NOx 


ADCA 

KC104 

CuO  Starch 

Si02 

KN03 

Mass  in  g  CO  in  onm 

NOx  in  ppm 

45 

65 

20(B)  1.5 

1.0 

0 

30  3200 

1800 

45 

55 

10(A)  1.5 

1.0 

0 

30  12000 

450 

[NOx]  in  ppm 

Fig.  5  Plot  of  log[CO]  vs.  log[NOx]  for  30g  AKCSSiN 
gas  generant  in  60L  tank  test 


Effect  of  Catalyst 

Some  experimental  results  of  the  burning  test  for  examining  the  effect  of  catalysts  on 
CO  and  NOx  are  listed  in  Table  4.  Fig.  6  shows  the  plot  of  log[CO]  vs.  log[NOx]  and 
a  solid  line  in  the  Fig.  6  is  for  the  best  results.  Examples  of  the  best  results  obtained 
so  for  are  listed  in  Table  5.  By  comparing  Table  3  and  5,  it  can  be  realized  that  the 
best  catalyst  NiO  is  effective  in  higher  oxygen  balance  region  for  reducing  CO  and 
NOx  and  the  catalyst  CoMo04  is  not  effective  in  lower  oxygen  balance  region. 


Fig.  6  Plot  of  Iog[CO]  vs.  iog[NOx]  for  30g  AKCSSiN+Catalyst 
gas  generant  in  60L  tank  test 


Effect  of  External  Oxidizers 

It  has  been  tried  to  reduce  CO  in  the  effluent  gas  by  adding  an  external  oxidizer  in 
the  combustion  chamber  or  in  the  coolant  chamber.  The  positions  of  the  external 
oxidizers  placed  in  the  model  inflator  are  shown  in  Fig.  7. 


Fig.  7  Positions  of  outside  oxidezer 

Results  are  listed  in  Table  6  and  shown  in  Fig.  8.  The  solid  KC103  deposited  on  the 
coolant  reduced  CO  significantly,  but  increased  NOx.  KN03  powder  in  the  position 
D  had  the  similar  effect  as  KC103  solid  in  the  coolant  chamber.  KNO3  and  KCIO3 
granules  mixed  with  the  gas  generant  were  very  effective  for  reducing  CO,  but 
increased  NOx  significantly.  So  far  the  best  result  was  obtained  from  the  mixture  of 
30g  AKC(B)SSi  pellets  and  20g  KNO3  pellets.  In  this  method  CO  can  be  reduced 
without  increasing  NOx. 


[CO]  in  ppm 
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Overall  Evaluation 

Three  lines  for  the  best  results  are  shown  Fig.  9.  Some  catalysts  was  effective  in 
higher  NOx  region,  but  not  in  low  NOx  region.  Some  external  oxidizers  which  were 
mixed  with  the  gas  generant  pellets  in  pellet  or  granule  form  were  very  effective  for 
reducing  CO  and  NOx  in  the  effluent  gas  from  the  combustion  of  ADCA  gas 
generant. 


[NOx]  in  ppm 


Fig.  9  Three  lines  for  best  results  of  AKCSSiN,  AKCSSiN+Catalyst 
and  AKCSSiN+External  oxidizer 

Other  Factors  influencing  to  CO  and  NOx  Concentrations 

CO  and  NOx  concentrations  in  the  effluent  gas  was  influenced  by  several  other 
factors.  Incomplete  combution  of  the  pellets  gave  higher  concentration  of  CO. 
Bursting  of  the  inflator  by  the  excessive  pressure  gave  lower  concentrations  of  both 
CO  and  NOx. 
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DAS  SELBSTSCHUTZSYSTEM  MASKE,  EIN  MUNITIONSSYSTEM  MIT  KOMBI- 
NIERTER  NEBEL-WIRKUNG  IM  SICHTBAREN  UND  INFRAROTEN  BEREICH  DES 
ELEKTROMAGNETISCHEN  SPEKTRUMS 

THE  SELF-PROTECTION  SMOKE  SYSTEM  MASKE  WITH  COMBINED  EFFICACY 
IN  THE  VISIBLE  AND  INFRARED  SECTIONS  OF  THE  ELECTROMAGNETIC 
SPECTRUM 


Carl  Hug,  SM  Schweizerische  Munitionsunternehmung,  Allmendstrasse  74,  CH-3600 
Thun 

Johannes  Grundler,  BUCK  System  GmbH,  Hans-Buck  Strasse  1 ,  D-79395  Neuen- 
burg  /  Baden 


ABSTRACT 

Presentation  of  the  novel  type  smoke  munition  MASKE,  developed  in  cooperation 
between  SM  Swiss  Munition  Enterprise  and  BUCK  System  GmbH.  Its  concept  and 
characteristics  will  be  discussed.  The  system  provides  instantaneous  and  sustained 
protection  against  sensors  in  the  visible,  near  and  thermal  infrared  sections  of  the 
electromagnetic  spectrum.  It  is  fired  from  76  mm  launcher  systems  already  mounted 
on  existing  AFV's  in  series. 

The  concept  of  this  ammunition  is  based  on  the  sequential  functions  of  an  instanta¬ 
neous  flare  module  and  a  sustained  smoke  burner.  Both  mdoules  are  fired  simulta¬ 
neously  from  the  same  catridge,  but  follow  different  trajectories  with  different  ignition 
points.  All  system  parameters  are  matched  to  obtain  optimal  screening. 

The  development  of  the  smoke  system  MASKE  has  been  initiated  by  the  Swiss  Army 
in  1993.  The  system  now  available  will  become  the  standard  smoke  ammunition  on 
several  AFV's  of  the  Swiss  Army  in  1996/97. 
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Einleitung  und  Uebersicht 

Die  neuartige  Nebelmunition  MASKE  soli  in  einem  zweiteiligen  Vortrag  vorgestellt 
werden.  Ein  erster  Vortragsteil  wird  dem  Munitionskonzept,  Einsatzmoglichkeiten 
und  Schnittstellen  zu  den  Werferanlagen  gewidmet  sein.  Der  nachfolgende,  zweite 
Teil  wird  vornehmiich  die  Leistungen  dieser  Nebelmunition  im  sichtbaren  und 
infraroten  Teil  des  Spektrums  diskutieren. 


Das  Konzept 

Mit  dem  Munitionssystem  MASKE  soli  ein  Selbstschutzsystem  fur  Kampffahrzeuge 
realisiert  werden,  wie  es  den  Anforderungen  auf  dem  heutigen  Gefechtsfeld  ent- 
spricht.  Diese  Anforderungen  werden  dominiert  durch  den  wunschbaren  Einsatz  von 
Selbstschutzmittein  in  Duellsituationen.  Die  vorliegende  Bedrohung  hat  dabei  Ihren 
Ursprung  in  der  Wahrnehmung  der  Signale  des  sichtbaren  und  infraroten  Teils  des 
elektromagnetischen  Spektrums  durch  Visiereinrichtungen  Oder  Sensoren.  Mit  der 
raschen  und  effizienten  Unterbrechung  dieser  Wahrnehmung  entfallt  die  Hauptbe- 
drohung  des  Kampffahrzeuges  durch  direkt  gerichtete  Waffen. 

Im  Gegensatz  zu  den  eingefuhrten  Nebelsystemen  mit  ausschliesslicher  Wirkung  im 
sichtbaren  Teil  des  elektromagnetischen  Spektrums  vermag  MASKE  sowohl  im  vi- 
suellen  als  auch  im  infraroten  Bereich  eine  deckende  Nebelwirkung  zu  entfalten. 

Das  System  MASKE  erfullt  die  Forderung  nach  einer  innerhalb  weniger  Sekunden 
vorhandenen  und  uber  eine  definierte  Zeit  aufrechtzuerhaltende  Nebeldeckung. 

Das  System  wird  in  Salven  aus  den  auf  den  Kampffahrzeuge n  vieler  Nationen  einge¬ 
fuhrten  Werferanlagen  vom  Kaliber  7.6  cm  verschossen,  kann  jedoch  auch  auf 
andere  Kaliber  angepasst  werden.  Die  hierzu  notwendigen  Modifikationen  an  den 
Werferbechern  sind  minimal. 
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Die  Entwicklungsgeschichte 

Das  im  Auftrag  der  Schweizer  Armee  entwickelte  System  MASKE  1st  in  einer  Koope- 
ration  der  beiden  Firmen  BUCK  SYSTEM  GMBH  und  SM  SCHWEIZERISCHE 
MUNITIONSUNTERNEHMUNG,  vormals  MFT  Munitionsfabrik  Thun,  In  sehr  kurzer 
Zeit  realisiert  worden. 

Anschliessend  an  eine  Machbarkeitsstudie  im  Jahre  1990,  wurde  im  Mai  1993  mit 
der  eigentlichen  Entwicklung  des  Systems  begonnen.  Berelts  im  Sommer  1993  wa- 
ren  erste  Versuchsmuster  zur  Erprobung  vorhanden.  Im  Jahr  1994  wurde  eine 
Funktionsmusterserie  aufgelegt,  eingehend  erprobt  und  dem  Auftraggeber  zur  Beur- 
teilung  vorgefuhrt.  Aufgrund  der  ausgezeichneten  Ergebnisse  konnte  bereits  im  De- 
zember  1994  die  Phase  Prototypserie  freigegeben  werden.  Sie  1st  mittlerweilen 
abgeschlossen. 

Zurzeit  befindet  sich  die  Vorserie  in  der  Technischen  Erprobung  und  Truppenerpro- 
bung  durch  die  Schweizer  Armee.  WIe  in  der  Planung  vorgesehen,  wird  im  Herbst 
1995  die  entsprechende  Beschaffungsreiferklarung  vorhanden  sein  und  das  System 
bereits  1996  eingefuhrt. 

Wahrend  der  kurzen  zweieinhalb-jahrigen  Entwicklungszeit  konnte  das  System 
mehrmals  den  Beschaffungsinstanzen  der  Bundeswehr  und  der  Schweizer  Armee 
prasentiert  werden,  letzmals  im  Marz  und  Mai  dieses  Jahres.  Diese  wertvollen  Kon- 
takte  haben  es  uns  in  alien  Entwicklungsphasen  ermogllcht,  die  Bedurfnisse  der 
Kunden  optimal  in  das  Produkt  MASKE  einfliessen  zu  lassen. 


Figur  1  :  Die  Selbstschutzmunition  7.6  cm  MASKE 
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Das  Produkt 

Beim  System  MASKE  handelt  es  sich  urn  eine  patronierte  Munition.  Sie  birgt  eine 
Treibladungskammer  im  Bodenteil  der  Patrone  sowie  zwei  Wirkmodulen,  die  soge- 
nannten  Tausch-  und  Tarnmodule.  Die  Zundung  erfoigt  durch  eine  mit  den  aussen 
an  der  Patrone  liegenden  Kontaktringen  verbundene  Zundpille. 


Figur  2  :  Modularer  Aufbau  der  Selbstschutzmunition  7.6  cm  MASKE 


Tarn-  und  Tauschmodul  enthalten  unterschiedliche  Wirksubstanzen  und  entfalten 
ihre  Wirkung  in  unterschiedlicher  zeitlicher  Abfolge 

-  das  Tauschmodul  nach  <  3  Sekunden  als  Blendkomponente  kurzer  Wirkdauer 

-  das  Tarnmodul  als  Langzeitnebler 

Die  zeitliche  Abfolge  beider  Wirkungen  ergibt  eine  durchgehende,  visuell  und  infra¬ 
rot  undurchsichtige  Deckung  wahrend  typisch  50  Sekunden. 

Fur  das  System  Maske  charakteristisch  ist  seine  Ballistik  ;  Tausch-  und  Tarnmodul 
werden  gleichzeitig  aus  dem  Werferbecher  verschossen  und  bewegen  sich  auf  un- 
terschiedlichen  Flugbahnen  zum  Ort  ihrer  Wirkung.  Die  nachfolgend  schematisch 
dargestellte  Ballistik  des  Systems  ist  dabei  so  abgestimmt,  dass  die  beiden  Module 
ihre  Wirkung  vertikal  untereinander  entfalten. 
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Figur  3  :  Bailistik  von  Tarn-  und  Tauschmodul  im  System  MASKE 


Das  Tauschmodul  wird  in  uber  10  m  Hohe  zerlegt  und  uberstrahlt  die  Kampffahr- 
zeugsignatur  grossflachig.  Das  Tarnmodul  dagegen  entfaltet  seine  Wirkung  als 
Bodennebler  unterhalb  des  Detonationspunktes  der  Tauschladung. 

Die  so  definierte  Bailistik  wird  uber  einen  ausgeklugelten  Mechanismus  der 
Ladungstrennung  wahrend  des  Abschusses  gesteuert.  Er  beruht  auf  dem  Vorhan- 
densein  verschieden  gestalteter  Gasraume  im  Bodenteil  der  Patrone,  als  Bohrung 
durch  das  Tarnmodul  und  als  Expansionsraum  zwischen  Tarn-  und  Tauschmodul. 
Letzterer  erzeugt  eine  Ladungstrennung  durch  differentiell  unterschiedliche  Krafte 
auf  Tarn-  und  Tauschmodul. 

Als  Ergebnis  dieses  Abschusskonzeptes  foigt  eine  im  Temperaturbereich  -35  C  bis 
+63  C  funktionierende  Bailistik.  Die  Ausbringdistanz  ist  dabei  je  nach  den  vorliegen- 
den  Anforderungen  im  Bereich  von  30  m  -  50  m  problemlos  variierbar. 

Das  Verwenden  einer  patronierten  Munition  erlaubt  eine  maximale  Erhohung  der 
abgeschossenen  Wirkmassen,  da  nur  diese  selbst  beschleunigt  warden  mussen.  Sie 
erlaubt  zudem  eine  Reduktion  der  Druckbelastung  im  Werferbecher.  Trotz  der  im 
Vergleich  zur  bisher  eingefuhrten  Nebelmunition  wesentlich  hoheren  totalen  Wirk- 
masse  ergibt  sich  mit  Hilfe  der  Patronierung  eine  wesentlich  kleinere  Belastung  des 
Werfers. 
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Die  Patronierung  hat  zudem  den  Vorteil,  dass  die  Werferbecher  durch  keinerlei 
Ruckstande  verschmutzt  warden.  Die  elektrische  Zundung  uber  die  an  der  Aussen- 
seite  der  Patrone  angebrachten  Kontaktringe  ist  damit  mit  hoher  Sicherheit  gewahr- 
leistet. 


Die  Abschussanlagen 

Das  System  MASKE  ist  so  konzipiert,  dass  es  aus  den  zahlreich  eingefuhrten  Weg- 
mann-Nebelwerferanlagen  verschossen  werden  kann.  Das  durch  die  Becher  vorge- 
gebene  Werfervolumen  wird  dabei  im  Gegensatz  zu  den  bereits  eingefuhrten  Nebel- 
systemen  vollstandig  ausgenutzt.  Dies  bedingt  eine  geringfugige  Modifikation  des 
Bodenteils  der  Werferanlage.  Das  bisherige  Bodenteil,  das  mit  einem  in  den  Werfer 
hineinragenden  Zapfen  den  notwendigen  Expansionsraum  im  Bodenteil  des  Bechers 
sicherstellte,  kann  durch  ein  wesentlich  einfacheres  Bodenteil  ersetzt  werden.  Da 
dieses  aufgrund  der  Patronierung  der  MASKE-Munition  nur  schwach  belastet  wird, 
kdnnen  sogar  Kunststoffldsungen  in  Betracht  gezogen  werden. 

Mit  einer  Anpassung  der  seitlichen  Werferfacherung  ergibt  sich  eine  vollstandig 
optimierte  Leistung  des  Selbstschutzsystems  MASKE.  Auch  bei  einem  Verzicht  auf 
eine  modifizierte  Facherung  ist  jedoch  die  Ballistik  der  MASKE-Munition  so  anzu- 
passen,  dass  eine  vollstandige  Nebeldeckung  von  ausreichender  Breite  erreicht 
wird,  urn  eine  taktische  Absetzbewegung  des  Fahrzeuges  zu  gewahrleisten. 

Im  Rahmen  der  Schweizer  Armee  ist  eine  Beschaffung  des  Systems  MASKE  in 
erster  Prioritat  fiir  die  folgenden  mit  2  x  4  bzw.  2x3  Werferanlagen  ausgerusteten 
Fahrzeuge  vorgesehen  : 

-  Panzer  87  Leopard 

-  Schiitzenpanzer  M109 

-  Panzerjager  Mowag 
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Weitere  Fahrzeuge  warden  langerfristig  in  die  Beschaffung  einbezogen.  Ausgegan- 
gen  wird  dabei  von  einer  angepassten  Seitenfacherung  der  Werferanlagen.  Im  Falle 
des  Panzer  87  Leopard  soil  zudem  die  Fahigkeit  zu  einer  Zweitsalve  ohne  Nachla- 
den  durch  die  Auffacherung  der  zweiten  turmparallelen  2x4  Werfer  erzielt  warden. 


Figur  4  :  Wirksequenz  des  Systems  MASKE 
links  :  visueller  Bereich,  rechts  :  infraroter  Bereich 


Die  Wirksamkeit  des  Tauschmoduls 


Beim  Tauschmodul  handelt  es  sich  urn  em  Nebelmodul,  das  auf  der  Verwendung 
von  rotem  Phosphor  basiert.  Die  Phosphorrezeptur  wird  in  einem  umweltvertragli- 
chen  Herstellungsprozess  in  wassriger  Phase  auf  ein  Tragermaterial  aufgebracht 
und  anschliessend  getrocknet.  Die  Schichtdicken,  die  hierbei  Verwendung  finden, 
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liegen  im  Bereich  von  einigen  100  pm.  Nach  entsprechender  Konfektionierung  -  in 
diesem  Falle  Schneiden  des  beschichteten  Tragermaterials  und  Vorfragmentierung 
der  Wirkpartikel  -  warden  die  sogenannten  Flare-Partikel  in  eine  dunnwandige 
Metalldose  laboriert.  Die  Initiierung  der  Flare-Partikel  beim  Einsatz  erfoigt  iiber  eine 
zentral  liegende  Anzundzerlegerladung,  die  sich  uber  die  gesamte  Lange  des 
Tauschmoduls  erstreckt.  Diese  Anzundzerlegerladung  beinhaltet  ein  schadstoff- 
armes  pyrotechnisches  Verzbgerungselement,  das  nach  der  vordefinierten  Zeit  die 
Anzundzerlegerladung  aktiviert.  Diese  wiederum  offnet  die  Aussenhuile  des 
Tauschmoduls  und  zundet  gleichzeitig  die  Flare-Partikel  an.  Im  vorliegenden  Fall 
findet  diese  Zerlegung  in  10  bis  15  m  Hbhe  statt.  Die  kleinen  und  leichten  Partikel 
warden  brennend  in  der  Luft  verteilt,  wobei  sich  im  Moment  der  Zerlegung  eine 
Wolke  von  uber  10  m  Durchmesser  ergibt.  Die  anfanglich  homogen  in  dieser  Wolke 
verteilten  Flare-Partikel  sinken  langsam  zu  Boden.  Die  Wirkung  im  sichtbaren 
Bereich  erfoigt  aufgrund  der  bekannten  Eigenschaften  von  Phosphor  iiber  Streuef- 
fekte,  die  Wirkung  im  infraroten  Bereich  erfoigt  mittels  Ueberstrahlung.  Dabei  geben 
die  vielen  kleinen  Flare-Partikel  Infrarot-Strahlung  ab,  die  im  ganzen  Spektralbereich 
von  0,8  bis  15  pm  wirksam  ist.  Die  beim  Abbrand  auftretende  Infrarot-Strahlung 
Liberstrahlt  die  Strahlungen  sowohl  des  Zieles  -  in  diesem  Fall  des  schiessenden 
Gefechtsfahrzeuges  -  als  auch  des  Hintergrundes.  Fiir  den  Beobachter,  der  mittels 
blossem  Auge  das  Szenario  betrachtet,  ist  eine  grosse  weisse  Phosphornebelwand 
zu  erkennen,  wahrend  ein  mit  Warmebild  ausgerusteter  Beobachter  eine  helle  un- 
strukturierte  Flache  erkennt,  hinter  der  sich  das  Ziel  verbirgt. 

Prinzipiell  halt  die  Infrarot-Wirkung  des  Tauschmoduls  fiir  die  Zeit  an,  in  der  sich 
geniigend  aktive  Flare-Partikel  in  der  Luft  befinden.  Feldversuche  zur  Wirksamkeit 
haben  jedoch  gezeigt,  dass  -  auch  nach  dem  Auftreffen  der  Flare-Partikel  auf  dem 
Boden  -  noch  eine  gewisse  Tauschwirkung  vorhanden  ist.  Dies  erklart  sich  dadurch, 
dass  auch  beim  Abbrand  am  Boden  noch  warme  Nebelschwaden  produziert  werden, 
die  noch  wirksam  im  Infraroten  sind.  Die  Wirksamkeit  des  Phosphors  im  sichtbaren 
Bereich  halt  wahrend  der  gesamten  Brennzeit,  d.h.  fiir  ca  50  s,  an. 

Zur  optimalen  Wirksamkeit  des  Gesamtsystems  wird  zur  Erganzung  des  Tauschmo¬ 
duls  das  Tarnmodul  als  die  zweite  Komponente  des  Selbstschutznebelkonzeptes  zur 
Wirkung  gebracht. 
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Die  Wirksamkeit  des  Tarnmoduls 

Das  Tarnmodul  ist  Im  Gegensatz  zum  Tauschmodul  ein  Punktnebler,  der  am  Boden 
liegend  abnebelt.  Das  MASKE-Konzept  bietet  den  Vorteil,  dass  das  Tauschmodul 
die  Spontankomponente  bietet,  wahrend  das  Tarnmodul  als  ortsgebundenes  System 
auch  unter  schwierigen  Bedingungen  die  Schutzfunktion  am  beabsichtigten  Ort 
aufrechterhalt. 

Das  Tarnmodul  ist  ein  Nebelsystem,  das  aus  Nebelpresslingen  besteht,  die  lange 
Zeit  wirksam  sind.  Die  Reaktions-  bzw  Anbrennzeiten  dieser  Presskdrper  sind  so  be- 
messen,  dass  die  optimale  Wirksamkeit  des  Tarnmoduls  beim  Nachlassen  der  Wirk¬ 
samkeit  des  Tauschmoduls  einsetzt. 

Die  Nebelpresslinge  sind  in  eine  dunnwandige  Metalldose  eingesetzt  und  werden 
mittels  einer  Anzundladung  uber  den  gesamten  Querschnitt  angezundet.  Die  Nebel- 
korper  brennen  als  Stirnbrenner  ab  und  geben  dabei  die  wirksamen  Kohlenstoffpar- 
tikel  in  die  Luft  ab.  Bel  diesen  Kohlenstoffpartikeln  handelt  es  sich  urn  in  den  Nebel- 
kdrpern  vorhandene  nicht-toxische,  aromatisch  kondensierte  Kohlenstoffverbindun- 
gen,  die  beim  Abbrand  umgewandelt  und  freigesetzt  werden.  Die  Wirkung  dieser 
Kohlenstoffverbindungen  besteht  in  Ueberstrahlung,  ahniich  zu  der  Wirkung  des 
Tauschmoduls.  Hinzu  kommen  beim  Tarnmodul  jedoch  auch  noch  Dispersions-  und 
Absorptionseffekte.  Diese  Effekte  treten  je  nach  Situation  (Sonneneinstrahlung, 
Wind)  in  signifikant  unterschiedlichen  Anteilen  auf.  Eine  Trennung  und  Quantifizie- 
rung  auf  allgemein  gultiger  Basis  ist  derzeit  noch  nicht  moglich,  entsprechende 
Arbeiten  dauern  noch  an. 


Die  Wirksamkeit  des  Gesamtsystems 

Die  Wirksamkeit  des  Nebeiwurfkorpers  MASKE  basiert  im  sichtbaren  und  infraroten 
Bereich  auf  den  Wirksamkeitsprinzipien,  wie  sie  oben  geschildert  wurden. 

Die  beiden  Wirkmodule  werden  dabei  so  ausgebracht,  dass  sich  eine  Nebelwand 
ergibt,  die  im  sichtbaren  Bereich  eine  Breite  von  ca  100  m  und  eine  Hohe  von  ca  10 
m  erreicht.  Im  infraroten  Bereich  ergeben  sich,  wie  zahlreiche  Feldversuche  gezeigt 
haben,  Nebelwandabmessungen  von  ca.  85  m  Breite  und  5  m  Hohe,  wenn  die  vor- 
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handene  Nebelmittelwurfanlage  unverandert  verwendet  wird.  Mit  der  eingefuhrten  76 
mm  Nebelmittelwurfanlage  sind  Wirkzeiten  von  mindestens  50  s  nachgewiesen. 

Die  Oekotoxikologie  der  pyrotechnischen  Komponenten  wurde  bereits  untersucht 
und  bewertet.  Das  Tauschmodul  wird  dabei  als  gering  toxisch 
(Wassergefahrdungsklasse  WGK  1)  in  der  aquatischen  Phase  beurtellt,  wahrend 
das  Tarnmodul  als  nicht-toxisch  eingestuft  wird.  Aufgrund  dieser  Beurteilung  steht 
dem  Einsatz  des  Nebeiwurfkdrpers  MASKE  auch  fur  Ausbildungs-  und  Uebungs- 
zwecke  nichts  entgegen. 

Mit  dem  Selbstschutznebel  MASKE  steht  ein  modernes  Nebelsystem  zur  Verfugung, 
das  zusatzlich  zur  Wirksamkeit  im  Sichtbaren  auch  im  infraroten  Bereich  deckend  ist 
und  universell  eingesetzt  werden  kann. 
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MESSUNGEN  DES  ENERGIEBEDARFS  VON  BRUCKENANZUNDPILLEN  BEI  NIEDRIGEM 
SPANNUNGSNIVEAU 


Manfred  Held 

TDW  Gesellschaft  fur  verteidigungstechnische  wirksysteme  mbH 
86523  Schrobenhausen,  Germany 


ABSTRACT 

Es  warden  die  verschiedenen  Verfahren,  mit  denen  Anzundpillen, 
elektrische  Detonatoren  Oder  allgemein  Elektro-Explosive-Elemente 
auf  ihren  zum  Ansprechen  notwendigen  Energie-  bzw.  Leistungsbedarf 
untersucht  werden  konnen,  besprochen. 

Die  MeEmethode  mufi  sich  nach  der  Art  der  Energiequelle  richten.  Es 
ist  ein  Unterschied,  ob  die  in  einem  Kondensator  gespeicherte 
Ladungsmenge  ein  galvanisches  Element  mit  konstanter  Spannung  Oder 
ein  magnet ischer  StoEgenerator  mit  eingepragtem  Strom  das  Elektro- 
Explosive-Element  zum  Ansprechen  bringen  soil. 

Selbst  die  alteste  Bauart  einer  Anziindpille,  namlich  mit  Briicken- 
draht,  wie  sie  die  P  65  Anzundpille  represent ierte,  zeigt,  wenn 
man  sie  nach  den  verschiedenen  Methoden  belastet,  eine  Reihe  von 
interessanten  Effekten,  insbesondere  in  ihrem  zeitlichen  Ansprech- 
verhalten,  welche  nachfolgend  eingehend  diskutiert  werden. 


SUMMARY 

We  discussed  the  various  methods  to  investigate  the  power  ne¬ 
cessary  to  ignite  squibs  or  electro-explosive  devices  in  general. 
The  method  of  measurement  has  to  be  chosen  according  to  the  kind 
of  energy  source.  It  makes  a  difference  if  the  energy  stored  in  a 
capacitor,  a  galvanic  element  with  constant  voltage,  or  a  magnetic 
generator  with  fixed  current  has  to  ignite  an  electro -explosive 
device . 
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1.  Energiebestimmung  durch  Kondensatorentladung 
1.1  Grenzenergle 

Da  in  Zundschaltungen  zumeist  die  in  einem  Kondensator  gespei- 
cherte  Energie  auf  die  Anzundpille  Oder  den  elektrischen  Detonator 
geschaltet  wird,  wird  der  notwendige  Energiebedarf  von  "Elektro- 
Explosiven-Elementen"  -  englisch  "Electro-Explosive-Devices  {EED} " 
-  ebenfalls  meistens  mittels  Kondensatorentladung  bestiramt.  Die  im 
Kondensator  gespeicherte  Energie  E^  (in  Joule)  wird  durch  die 
Beziehung 

Ec  =  1/2  CU^  (1) 
berechnet,  wobei  die  Kapazitat  C  in  Farad  und  die  Spannung  U  des 
aufgeladenen  Kondensators  in  Volt  eingegeben  werden.  Diese  in 
einem  Kondensator  gespeicherte  Energie  wird  moglichst  mit  einem 
prellfreien  Schalter  iiber  die  Anzundpille  entladen. 

Bei  einer  vorgewahlten  Kapazitat  C  wurde  hierbei  durch  schrittwei- 
ses  Erhohen  der  Spannung  u  des  Kondensators  der  Grenzenergiebedarf 
der  Anzundpille  bestimmt,  wobei  nach  jeder  Entladung  der  Wider- 
standswert  der  Anzundpille  nachgepriift  wurde. 

Durch  diese  Mehrf achbelastung  der  Anziindpillen  Oder  der  elektri¬ 
schen  Detonatoren  konnen  diese  allerdings  "formiert"  werden,  d.h., 
je  nach  Aufbau  der  Anziindpillen  Oder  der  elektrischen  Detonatoren 
kann  sich  die  Ansprechempf indlichkeit  zu  hoheren  Oder  niedrigeren 
Werten  verschieben.  Als  Kaufer  von  Anziindpillen  kann  man  meist 
nicht  mit  allzu  groSen  Stiickzahlen  arbeiten  und  alle  Versuche  mit 
unbelasteten  Anziindpillen  durchfiihren,  urn  z.B.  die  statistische  50 
%-ige  Ansprechschwelle  zu  bestimmen.  Bei  dem  kostensparenden  Ver- 
fahren  der  Mehrf achbelastung  muS  man  sich  jedoch  iiberzeugen,  daS 
sich  die  Grenzwerte  durch  die  Mehrfachbelastungen  nicht  allzu 
stark  verschieben.  Bei  der  Anzundpille  P  65  konnte  kein  EinfluS 
der  Ansprechempf indlichkeit  durch  diese  mehrfache  Belastung 
festgestellt  werden. 

Den  Ziindkreis  mit  dem  Netzgerat,  einem  Vorschaltwiderstand  Rv/  dem 
Kondensator  C  und  dem  Quecksilberschalter  Hg  zeigt  Fig.  1.  Die 
Verwendung  von  Quecksilberschaltern  ist  notwendig,  da  mechanische 
Schalter  nicht  prellfrei  arbeiten  und  die  Ladung  des  Kondensators 
sozusagen  tropf chenweise  abgegeben  werden  kann,  ohne  daS  die  An¬ 
zundpille  ansprechen  muS.  Mit  dem  Zundimpuls  wurde  ein 
Oszillograph  getriggert,  mit  dem  der  Spannungsabf all  U  an  der 
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Anzundpille  und  gleichzeitig  mittels  einer  Stromzange  der 
Stromverlauf  I  registriert  wurde.  Mit  dem  ziindimpuls  wurde  auch 
ein  Counter  gestartet.  Dieser  Counter  wurde  durch  den  Lichtblitz 
der  angesprochenen  Anzundpille  mittels  einer  Siliciumphotodiode 
(SGD  100)  liber  einen  Verstarker  und  eine  Triggereinheit 
(Lichttrigger)  wieder  gestoppt,  so  daS  gleichzeitig  die 
Zeitdifferenz  zwischen  Anlegen  der  Spannung  und  Auftreten  einer 
Lichtemission  an  der  Anzundpille  gemessen  wurde. 

Die  MeEpunkte  der  mindestens  notwendigen  Energie  als  Funktion 
der  Kapazitat  C  sind  in  das  Diagramm  Fig.  2  eingetragen.  Die  im 
Datenblatt  der  ehemaligen  Firma  Gevelot  angegebene  Grenzenergie 
fiir  die  P  65  von  ca.  3  mj  wird,  wie  Fig.  2  zeigt,  bei 
Kondensatorentladungen  im  Kapazitatsbereich  von  10  uF  bis  100  uF 
leicht  unterschritten .  Bei  0,1  uF  liegt  der  Energiebedarf 
allerdings  bei  etwa  3,5  mJ.  Dies  ist  eine  Folge  der  nicht 
geniigenden  elektrischen  Anpassung  an  die  niederohmige  Anzundpille, 
wie  die  nachf olgenden  Oszillogramme  aufzeigen.  Das  Ansteigen  des 
Energiebedarfes  bei  der  Kondensatorkapazitat  von  1000  uF  liegt  an 
den  nicht  idealen  Kondensatoren  bei  diesen  grofien  Werten.  Sie 
weisen  bereits  bei  diesen  kleinen  AuSenwiderstanden  einen  nicht 
mehr  zu  vernachlassigenden  Innenwider  stand  auf,  so  daS  die 
Klemmenspannung  am  Kondensator,  die  der  Berechnung  des 
Energiebedarfes  zu  Grunde  gelegt  wird,  nicht  dem  wirklichen 
Spannungsabfall  an  der  Anzundpille  entspricht . 

AuSerdem  benotigen  Anziindpillen  eine  bestimmte  Energie  in  einer 
bestimmten  Zeit,  also  eine  bestimmte  Leistung,  damit  sie  anspre- 
chen.  Man  kann  diese  Anzundpille  mit  einem  Strom  von  0,05  A  be- 
liebig  lange  belasten,  -  hierbei  geht  die  angebotene  Energiemenge 
gegen  unendlich  -  ohne  daS  die  Anzundpille  anspricht .  Bei  einem 
Widerstand  von  2  Q  der  Anziindpillen  fallen  bei  0,05  A  StromfluS 
0,1  V  Spannung  daran  ab,  so  daS  nur  0,005  W  (Leistung  N  =  U  *  I  ; 

[W]  =  [V]  •  [A] )  daran  wirken.  Diese  geringe  Leistung  reicht  wegen 
der  immer  gegebenen  Warmeableitung  an  den  Zuleitungsdrahten  und 
durch  das  Ziindgemisch  nicht  aus,  den  Bruckendraht  auf  die 
Ziindtemperatur  des  Anziindgemisches  aufzuheizen. 

Aus  dem  Verlauf  des  Spannungsabf alles  an  den  Anziindpillen  und  aus 
dem  Stromverlauf,  die  mit  einem  Zweistrahl-Oszillographen  regi- 
stiert  wurden,  konnte  das  Entladungsverhalten  der  Kondensatoren 
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uberpriift  werden.  Der  Spannungsabf all  nach  einer  e-Funktion  fur 
die  Kapazitaten  von  100  uF  und  10  uF  kann  der  Fig.  3  entnommen 
werden.  Das  Durchschwingen  der  Stromkurve  kommt  daher,  daS  eine 
Stromzange  verwendet  wurde .  Das  Uberschwingen  des  Spannungsver- 
laufes  bei  den  Kapazitaten  von  1  uF  und  besonders  bei  0,1  uF  {Fig. 
4)  stammt  von  der  ungeniigenden  Anpassung  des  elektrischen  Entlade- 
kreises  mit  den  verwendeten  Bauteilen  und  der  Anordnung  an  diese 
niederohmigen  Anzundpillen . 


Fig.  1 


C=  IOO^jF 


C  lO^F 


C=1pF 


L- 

-1- 

Z  ' 

i  . 

lUfJS 

.I’w . 

Fig . 


C^OJ^F 


^ov 


1.2  10-£ache  Energie 

Weiterhin  wurde  die  Anzundzeit  dieser  Anziindpille  mit  dem  10 -fa- 
chen  Wert  der  Grenzenergie,  also  dem  3,1-fachen  der  Spannung  ge- 
genuber  der  Grenzspannung  bei  den  verschiedenen  Kapazitatswerten 
bestimmt.  Hierbei  ergaben  sich  einige  bemerkenswerte  Erscheinun- 
gen.  Die  als  Beispiel  wiedergebenen  Oszillogramme  der  1000  uF- 
Entladung  (Fig.  5  links  -  2  versuche)  zeigen  eine  Unterbrechung 

des  Briickendrahtes  nach  0,42  ms  bzw.  0,70  ms.  Die  Lichtmission 
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hierbei  trat  nach  einer  Zeitverzogerung  tL-3U  ^ 

ms  auf . 


Diese  Oszillogramme  zeigen  auSerdem  deutlich,  daS  die  Kondensato 
ren  mit  dieser  groEen  Kapazitat  nicht  den  gewiinschten  niederohmi- 
gen  Aufbau  aufwiesen,  wie  er  fur  derartige  Untersuchungen  benotigt 
wird,  denn  die  Spannung  bricht  urn  etwa  15  %  bei  der  Belastung  an 
dem  2  Q-Widerstand  der  Anziindpille  zusammen.  Nach  Unterbrechung 
des  Bruckendrahtes  steigt  die  Spannung  im  Oszillogramm  wieder  auf 
die  Leer lauf spannung  am  Kondensator  an. 

Bei  10  uF  hat  sich  die  Kapazitat  ebenfalls  nur  zu  einem  geringen 
Bruchteil  entladen.  Hier  wird  der  Briickendraht  im  Mittel  bereits 
nach  15  us  unterbrochen,  wahrend  die  Lichtemission  im  Mittel  nach 
260  us  auftritt  (Fig.  5  rechts) , 

Das  Spannungsniveau  betragt  bei  der  Kapazitat  von  1000  uF  7  V  und 
bei  10  uF  erst  65  V,  Diese  Spannungswerte  steigen  jedoch  bei  1  uF 
auf  200  V  Oder  bei  0,1  uF  sogar  auf  750  V  an.  Bei  diesen  hohen 
Spannungen  entladen  sich  diese  kleinen  Kapazitat en  vollstandig, 
wie  die  Oszillogramme  der  Fig.  6  zeigen,  Der  Bruckendraht  wird  bei 
1  uF  in  5  us  und  bei  0,1  uF  in  2  us  unterbrochen.  Bei  diesen  hohen 
Spannungswerten  tritt  of f ensichtlich  eine  "Drahtexplosion"  ein,  so 
daS  die  gesamte  gespeicherte  elektrische  Energie  dann  als  Fun- 
kenenladung  abgegeben  wird. 

Trotz  dieser  Drahtexplosion  betragen  die  verzogerungszeiten  fur 
die  Lichtemission  jedoch  im  Mittel  240  us  fur  1  uF  und  95  us  bei 
0,1  uF.  Die  Zeitkonstanten  der  Entladekreise  sind  kurzer,  bzw.  in 
der  gleichen  GroSenordnung,  aber  das  abrupt e  Abbrechen  der  Strom- 
und  Spannungskurven  nach  Fig.  6  deutet  auf  keine  Entladung  der 


11-6 


Kapazitat  nach  einer  e-Funktion,  sondern  auf  einen  steileren  Ab- 
fall  hin. 

Die  stark  streuenden  Verzoge- 

rungszeiten  bis  zu  einer  Lichtemis- 

sion  bzw.  Unterbrechung  des 
Briickendrahtes  sind  in  einem  Diagramm 
mit  doppel-logarithmischem  MaSstab  in 
Fig.  7  als  Funktion  der  Kapazitat 
eingezeichnet . 

Bei  Belastung  der  Anziindpille  mit  der 
Grenzenergie  niramt  die  Zeitdif f erenz 
bis  zur  Lichtemission  tL_Q2--0n2:e  ''^on 
10'^  10'^  10'^  10'^  10  ms  bei  1000  uF  auf  1  ms  bei  0,1  uF 

Kapazitat  CCF]  ab.  Die  eingezeichnete  linierte 

Fig.  7  Gerade  entspricht  der  Gleichung 

tL-Grenze  =  56-10‘3  (2) 

Da  sich  die  Energie  E  =  1/2  CU^  in  diesem  Bereich  in  erster  Nahe- 
rung  als  konstant  erwies,  kann  die  Kapazitat  C  durch  die  Spannung 
U  ersetzt  warden. 


2E  2-3*10"^ 

C  =  —  =  - ^ -  (lb) 


^L-Grenze 


16 • 10"^ 

-v/F 


(3) 


Aus  den  Oszillogrammen  konnen  keine  Zeiten  fiir  die  Unterbrechung 
des  Briickendrahtes  ausgewertet  warden. 

Bei  der  Kondensator-Entladung  mit  dem  lO-fachen  der  Grenzenergie 
treten  kiirzere  Zeiten  bis  zur  Lichtemission  als  bei  Belastung  mit 
der  Grenzenergie  auf.  Dies  diirfte  daher  kommen,  dafi  einmal  der 
Briickendraht  schneller  und  zu  hoheren  Temperaturen  aufgeheizt  wird 
und  zum  anderen  dadurch,  daS  das  Anziindgemisch  bei  der  grofieren 
Warmezufuhr  schneller  reagiert.  In  grober  Naherung  konnen  die  Mit- 
telwerte  wieder  durch  eine  Gerade  (punkierte  Linie)  in  dem  Dia¬ 
gramm  mit  doppel-logarithmischer  Teilung  verbunden  warden,  wobei 
die  Verzogerungszeiten  tL_3u  jetzt  der  Gleichung 


tL-3U 


0,15  VF 


(4) 
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genugen.  Die  Kapazitat  C  kann  wieder  durch  die  Spannung  U  substi- 
tuiert  werden 

2E  60-10"^ 

C  =  —  jetzt  mit  E  =  30-10  also  C  =  - - -  (5) 

u2 


so  daS  sich  die  Zeitverzogerung  tL-3u  zwischen  Anlegen  des  Zundim- 
puses  und  der  Lichtemission  bei  lO-facher  Grenzenergie  in  dem  un- 
tersuchten  Kapazitatsbereich  umgekehrt  proportional  der  angelegten 
Spannung  ergibt  zu: 

37-10"^ 
tL-3U  =  - 

u 


Die  Zeitdif f erenz  bis  zur  Drahtunterbrechung  tD_3u  ist  bei  etwa 
10-facher  Grenzenergie  um  eine  Zehnerpotenz  kleiner  als  die 
Lichtemission  und  genugt  somit  der  Gleichung 
3,7-10"^ 

tD-3U  =  - 

U 


2.  Belastung  mit  konstanter  Spannung 


Um  den  Energiebedarf  zum  Ansprechen  der  Anziindpillen  bei  niedrigen 
Spannungen  zu  ermitteln,  wurde  diese  Anzundpille  mit  Spannungen 
aus  einer  Spannungsquelle  mit  kleinem  Innenwiderstand  belastet 
(Fig.  8)  .  Der  Strom-  und  Spannungsverlauf  und  die  Zeit,  bis  die 
Anzundpille  Licht  emittiert,  wurden,  wie  vorher  beschrieben,  ge- 

I  _  ■ 

messen.  ■ ~  ^  . .  - 


Hg-  Schalfer 


Uz^0.82V 

\o,£V  fL 


^5ms^ 


Fig .  8 
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Die  Spannung  steigt  nach  Unterbrechung  des  Ziinddrahtes  etwas  an, 
wie  die  Oszillogramme  der  Fig.  9  zeigen,  da  die  verwendete  Kon- 
stantspannungsquelle  nicht  niederohmig  genug  war.  Dadurch  konnte 
jedoch  die  Unterbrechung  des  Ziinddrahtes  gut  ausgewertet  werden. 
Aus  den  oszillographischen  Aufnahmen  des  Spannungsverlauf es  kann 
auSerdem  der  exakte  Spannungsabf all  an  der  Anziindpille  fur  die 
Leistungsberechnung  ausgewertet  werden. 

Die  Zeitdifferenz  zwischen  Anlegen  der  Zundspannung  und  der  Unter¬ 
brechung  des  Anzundpillendrahtes  betragt  in  dem  als  Beispiel  wie- 
dergegebenen  Oszillogramm  der  Fig.  9  (obere  Strahlen)  8,5  ms.  Fiir 
die  Zeitdifferenz  zwischen  Zundimpuls  und  Lichtemission  wurden  8,3 
ms  mit  dem  Counter  gestoppt.  Hierbei  betrug  die  Zundspannung  0,82 
V.  im  unteren  Bildteil  der  Fig.  9  betrug  trotz  hoherer  Zundspan¬ 
nung  von  1,05  V  die  Zeitdifferenz  fiir  die  Ziinddrahtunterbrechung 
11,8  ms.  Fiir  die  Zeitdifferenz  der  Lichtemission  wurden  nur  5,7  ms 
games sen. 

Hier  kann  nun,  of f ensichtlich  bei  kleinen  Spannungen,  der  umge- 
kehrte  Fall  auftreten,  wie  bei  der  Kondensatorentladung,  daS  nam- 
lich  die  Lichtemission  friiher  als  das  Unterbrechen  des  nur  langsam 
aufgeheizten  Ziinddrahtes  auf tritt .  Dies  bedeutet  nun,  daS  nach  ei- 
ner  bestimmten  Erwarmung  des  Drahtes  das  Anziindgemisch  bereits 
reagiert,  ohne  daE  der  Ziinddraht  vorher  unterbrochen  sein  muE. 

Dies  bedeutet,  daE  auch  die  Zeitmessung  bis  zum  Unterbrechen  des 
Ziinddrahtes  tj)  bei  kleiner  Potentialdif f erenz  am  Ziinddraht  nicht 
reprasentativ  fiir  die  notwendige  Energie  (U-I't^)  ist,  da  die 
Zeit,  die  bereits  ausreichend  ware,  das  Ziindgemisch  zum  Reagieren 
zu  bringen,  hierbei  nicht  bestimmt  wird.  Wie  vorher  ausgefiihrt 
wurde,  kann  die  Zeitverzogerung  bis  zur  Lichtemission  t_L  eben- 
falls  nicht  verwendet  werden,  da  die  Durchreaktionszeit  des  Ziind- 
satzes,  die  auEerdem  eine  Funktion  des  Warmeschocks  ist,  nicht  be- 
kannt  ist. 

AuEer  Messungen  bei  kleinen  Potentialdif ferenzen  (kleinen  Spannun¬ 
gen)  ab  0,75  V  wurde  die  Messung  der  Zeitverzogerungen  zwischen 
Anlegen  von  Spannung  und  Lichtemission  bzw.  Drahtunterbrechung  bis 
zu  konstanten  Spannungen  von  200  V  Hohe  f ortgesetzt .  Da  hierfiir 
unterschiedliche  Lose  von  Anzundpillen  verwendet  wurden,  streuten 
die  MeEergebnisse  stark.  Tragt  man  die  Zeitverzogerungen  bis  zur 
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Lichtemission  bzw.  Drahtunter- 
brechung  als  Funktion  der 
Spannung  in  das  doppel- 
logarithmische  Papier  der  Fig. 
10  auf,  so  findet  man  folgen- 
des : 

Die  Werte  der  "Lichtemission" 
liegen  relativ  gut  urn  eine 
Gerade,  welche  folgender  Glei- 
chung  geniigen: 

tL-u  =  (Q) 


Man  kann  das  untersuchte  Gebiet  in  Verbindung  mit  der  Unterbre 
Chung  des  Bruckendrahtes  in  3  Bereiche  einteilen: 

1.  Einen  Bereich  bis  ca .  3  V,  in  dem  der  Lichtblitz  vor  der 

Briickendrahtunterbrechung  auf  tritt . 

Der  Bruckendraht  wird  hier  sehr  langsam  aufgeheizt,  so  daft 
das  Anzundgemisch  durchreagiert ,  bevor  die  Energie  zur 
Unterbrechung  des  Bruckendrahtes  von  auBen  zugefiihrt  worden 
ist . 

2.  Einen  Bereich  von  ca.  3  -  6  V,  wo  Bruckendrahtunterbrechung 

und  Lichtblitz  praktisch  gleichzeitig  auftreten. 

Di0ser  Bereich  konnte  durch  einen  Etfekt  bestimmt  sein,  daS 
der  fast  bis  zur  unterbrechung  aufgeheizte  Bruckendraht  durch 
die  zusatzlich  hinzukommende  warmeenergie  bei  Reaktion  des 
Anzundgemisches  unterbrochen  wird. 

3.  Einen  Bereich  ab  ca.  6  V,  in  dem  der  Bruckendraht  fruher  un¬ 
terbrochen  wird,  als  der  Lichtblitz  auf tritt. 

In  diesem  Bereich  wird  dem  Bruckendraht  so  viel  Energie  zuge- 
fuhrt,  dafi  er  unterbrochen  wird,  bevor  das  Anzundgemisch  Zeit 
gef unden  hat,  durchzureagieren .  Hierbei  ist  die 

Durchreaktionszei t  des  Anzundgemisches  of f ensichtlich  nicht 


konstant,  sondern  hangt  von  der  Auf heizgeschwindigkeit  und 
damit  der  zugefiihrten  Warme  ab.  Ansonsten  ware  es  nicht 
verstandlich,  warum  mit  groSer  werdender  Spannung  und  damit 
kiirzeren  Drahtunterbrechungszeiten  auch  die  Zeiten  bis  zur 
Lichtemission  immer  noch  kiirzer  werden. 


3.  Belastung  mit  eingepragtem  Strom 

Ein  magnetischer  Stofigenerator  als  Energiequelle  stellt  keinen 
Spannungsgenerator ,  sondern  einen  Stromgenerator  dar.  Deshalb 
wurde  der  Energiebedarf  der  Anzundpille  auch  bei  eingepragtem 
Strom  untersucht .  Urn  eventuelle  Unterschiede  in  der  Leistungsan- 
passung  zu  erkennen,  wurden  unterschiedliche  Vorschaltwiderstande, 
namlich  10,  30  und  100  Ohm  eingesetzt. 

Wie  Voruntersuchungen  zeigten,  ist  die  Widerstandsanderung  des 
Briickendrahtes  beim  Aufheizen  kleiner  als  0,1  Ohm.  Dies  heiSt,  be- 
reits  ab  dem  10  Ohm  Vorschaltwiderstand  ist  die  Stromkonstanz 
trotz  Anderung  des  Briickenwiderstandes  dieser  Anzundpille  besser 
als  1  %.  Der  Spannungs-  und  Stromverlauf  und  die  Zeitdif  f  erenz 
zwischen  Ziindimpuls  und  Lichtemission  wurde  wie  bei  den  vorherge- 
gangenen  Messungen  bestimrat  (Fig.  11) . 


% - i-- - I=0,7SA 

tL=h9ms 


WQ  Hg~5chalter 


In  dieser  Schaltanordnung  unterbricht  der  Briickendraht  den  Strom- 
kreis  zum  Teil  mit  Flatter-  bzw.  Prellerscheinungen  wie  bei  einem 
mechanischen  Schalter.  Besonders  deutlich  zeigt  dies,  als  Bei- 
spiel,  das  untere  Oszillogramm  von  Fig.  12.  Bei  Unterbrechung  des 
Drahtes  steigt  die  Spannung  auf  die  Leerlauf spannung  des  Netzgera- 
tes  an  und  deshalb  lauft  der  Strahl  des  Oszillographen  nach  oben 
aus  dem  Bild  heraus .  Das  Schwingen  der  Stromkurve  ist  wieder  auf 
die  Stromzange,  die  den  Gleichstromanteil  nicht  toertragt,  zuriick- 
zufiihren. 


Die  zeitdif  f  erenzen  vom  Ziind- 
impuls  bis  zur  Unterbrechung  des 
Anzundpillen-Briickendrahtes  bzw. 
bis  zur  Lichtemission  sind  bei 
eingepragtera  Strom  in  erster 
Naherung  gleich  lang.  Eine 
Abhangigkeit  von  den  gewahlten 
Vorschaltwiderstanden  konnte 
nicht  gefunden  werden.  Alle 
MeSwerte,  in  Fig.  13  in  doppel- 
logarithmisches  Papier  als 
Funktion  des  eingepragtem  Stromes 
mit  den  Vorschaltwiderstanden  als 
Parameter  eingetragen,  konnen 
durch  eine  Gerade  gemittelt 
werden,  welche  durch  folgende 
Gleichung  beschrieben  wird: 


tL-i  =  tD_i  =  2,2*10“^-I"^'^  (9) 

Wird  I  durch  U  substituiert 

(I  =  U/R  =  U/2;  I'l'S  =  (U/2)"^'^  =  2,8'U"^'^), 
so  ergibt  sich 

tD-i  =  ^L-I  “  6,2‘10  ^  U  (10) 


Diese  Gerade  wurde  in  Fig.  10  in  dem  untersuchten  Bereich  von  0,5 
Ampere  eingepragten  Stomes,  entsprechend  1  Volt  Spannungsabfall, 
und  2  Ampere  entsprechend  4  Volt  Spannungsabfall,  als  punktierte 
Linie  eingetragen.  Sie  stellt  interessanterweise  bis  auf  eine  ge- 
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ringe  Abweichung  der  Konstanten  (6,2  statt  7,0,  was  innerhalb  der 
Mefigenauigkeit  liegt)  die  Fortsetzung  der  Gleichung  (8)  in  Fig.  10 
mit  gleicher  Steigung  dar. 

Bei  1,5  und  2  Ampere,  entsprechend  3  und  4  V,  hat  man  innerhalb 
der  Fehlergrenzen  praktisch  gleichzeitiges  Auftreten  der 
Lichtemission  und  der  Drahtunterbrechung .  Fine  Erklarung  dieser 
Erscheinung  ware,  daS  bei  eingepragtem  Strom  bei  Unterbrechung  des 
Briickendrahtes  groSere  Leistungen  in  dieser  Anziindpille  als  bei 
konstanter  Spannung  umgesetzt  warden,  die  dann  zu  einem  schnellen 
Reagieren  des  Anzundgemisches  fiihren.  Wie  man  Fig.  9  entnehmen 
kann,  reagiert  bei  grol§.er  Spannung  und  damit  groSer  Leistung  das 
Zundgemisch  unterhalb  100  us  durch,  was  hier  bei  der  gesamten 
Ansprechzeit  von  einigen  Millisekunden  dann  innerhalb  der 
Mefigenauigkeit  liegt. 


4.  Belastung  mit  einem  Stromimpuls 

Da  die  Zeitdif f erenz  zwischen  Ziindimpuls  und  Zunddrahtunter- 
brechung  Oder  Lichtemission  weder  bei  geringen  Spannungen  an  der 
Anzundpille,  noch  fiir  die  Verfahren  der  konstanten  Spannung  und 
auch  des  eingepragten  Stromes  reprasentativ  fiir  die  Zeit  t  in  der 
Energief ormel  (1)  ist,  wurde  eine  Impulsschaltung  mit  einstellba- 
rer  Zeit  fiir  eingepragten  Strom  aufgebaut.  Hiermit  kann  die  An- 
ziindpille  mit  eingepragtem  Strom  mit  einstellbarer  Zeitdauer  be- 
lastet  werden.  Der  Spannungsabf all  an  der  Anziindpille  wird  wie- 
derum  oszillographisch  gemessen  und  aus  dem  vorgegebenen  Produkt 
U'l't  kann  der  Energiebedarf  ermittelt  werden.  Bei  gewahltem  ein¬ 
gepragten  Strom  wurde  die  Zeit  t  des  Impulses  fiir  jede  Anzundpille 
so  lange  stufenweise  verlangert,  bis  die  Anzundpille  ansprach. 

Der  Aufbau  der  Schaltung  kann  der  Fig.  14  entnommen  werden.  Durch 
Vorschaltwiderstande  von  10,  3  0  bzw.  100  Q  erhalt  man  gegeniiber 
dem  Anziindpillenwiderstand  von  2  Q  einen  Stromgenerator  mit  fast 
konstanter  Stromstarke. 

Im  Gegensatz  zu  den  friiheren  Versuchen  erfolgte  die  Messung  des 
Stromverlauf  es  des  Ziindstromkreises  iiber  einen  niederohmigen 
widerstand  von  0,1  Ohm.  Der  Spannungsabfall  an  diesem  Shunt  wurde 
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mit  dem  Doppelstrahloszillographen  mitregistriert .  Ein  typisches 
aufgenommens  Oszillogramm  zeigt  Fig.  15. 


Fig.  14  Fig.  15 

Der  Spannungsausschlag  erfolgt  nach  oben,  wahrend  der  positive 
Stromausschlag  nach  unten  geht .  Mit  dieser  MeSanordnung  kann  die 
Zeit  bis  zur  Drahtunterbrechung  nicht  miterfaSt  werden  und  ein 
hierzu  notwendiger  Schaltungsaufwand  wurde  als  nicht  notwendig  an- 
gesehen.  Die  Messung  der  Zeitdif f erenz  zwischen  Ziindimpuls  und 
Lichtemission  erfolgte,  wie  bei  den  vorhergehenden  Versuchen,  mit 
einem  Counter. 


Alle  MeSwerte  der  Zeitdif f erenz  t  zwischen  Zundimpuls  und 


/  M 


Lichtemission  fur  diese  An- 
zundpille  bei  Stromimpulsbe- 
lastung  mit  Grenzenergie  sind  als 
Funktion  der  Stromstarke  I  in  ein 
doppel-logarithmisches  Diagramm 
mit  den  Vorschaltwiderstanden  als 
Parameter  in  Fig.  16  eingetragen. 
Wie  man  sieht,  streuen  die 
einzelnen  erhaltenen  MeSwerte 
relativ  stark  und  zeigen  keine 
Signifikanz  fur  die  verschiedenen 
Vorschaltwiderstande  von  10,  30 
Oder  100  P.  Da  der  MeSbereich  von 
0,5  bis  2  A  Stromstarke  auch  nur 
sehr  klein  war,  kann  nur  schlecht 
eine  mittelnde  Gerade  in  die 


Fig.  16 
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stark  streuenden  einzelnen  MeEwerte  eingetragen  warden. 

Den  MeEwerten  wiirden  die  Geraden  nach  den  folgenden  Gleichungen 


gerecht  warden: 

tL-Imp  =  3,5*10"^  Oder  (11) 

tL-Imp  =  2,8-10"^  Oder  (12) 

tL-Imp  =  2,5-10-3  1-1,5  (^3) 

Durch  Substitution  von  I  durch  u  erhalt  man  folgende  Gleichungen: 

tL-Imp  =  7-10-3-u"1  (14) 

tL-Imp  =  7-10-3  u-1'33  (^3) 

tL-Imp  =  7-10-3  u-^'3 


Die  Gleichung  (14)  entspricht  bis  auf  eine  geringe  Abweichung  der 
Konstanten,  was  jedoch  innerhalb  der  MeEgenauigkeit  liegt,  der 
Gleichung  (8)  fur  Zeidifferenz  zwischen  Ziindimpuls  und 
Lichtemission  bei  konstanter  Spannungsbelastung .  Die  Gleichungen 
(13)  bzw,  (16)  entsprechen  weitgehend  den  Gleichungen  mit 
konstanter  Strombelastung  (9)  und  (10) . 

Wie  bereits  vorher  erwahnt,  ist  jedoch  der  untersuchte  MeEbereich 
sehr  klein,  so  daE  die  Aussagesicherheit  der  Gleichungen  sehr  ge- 
ring  ist.  Bemerkenswert  ist  jedoch,  daE  man  trotz  ganz  verschie- 
denartiger  Belastung,  wie  konstante  Spannungsbelastung  oder  Stro- 
mimpulsbelastung  in  dem  Strombereich  von  0,5  -  2  A  gleiche  zeit- 
differenzen  zwischen  Ziindimpuls  und  Lichtemission  erhalt,  d.h.  die 
Zeit  wird  hier  in  erster  Linie  von  der  Reaktionszeit  des 
Anzundgemisches  bestimmt. 


6 .  Zusammenfassung 

Am  Beispiel  einer  elektrischen  Anziindpille  mit  Briickendraht  wurde 
das  zeitliche  Ansprechverhalten  bei  den  folgenden  verschiedenen 
Belastungsf alien  bestimmt  und  erlautert: 

-Kondensatorentladung 
-Konstante  Spannung 
-Eingepragter  Strom 
-Stromimpuls 

Die  Reaktionsgeschwindigkeiten  der  in  dieser  Anzuiindpille 
gewahlten  Anziindmischung  zeigt  dabei  eine  sehr  starke  Abhangigkeit 
von  der  eingespeisten  elektrischen  Energie  in  den  Briickendraht. 
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THE  HYERODYNAMICAL  METHOD  TO  ANALYSE  THE  COMBUSTION  PRODUCTS 
COMPOSITION.  THE  CONCENTRATION  AND  TEMPERATURE  FIELDS  OF  THE 
PYROTECHNICAL  FUEL  FLAME 

Victor  Samsonov 

Chuvash  State  Pedagogical  Institute,  K.Marx  st.  38 
4-28000,  Cheboksary ,  RUSSIA 

ABSTRACT 

The  method  of  the  convective  precipitation  of  the  com¬ 
bustion  products  on  the  heat-transfer  surface  Is  developed  to 
determinate  the  temperature  fields  and  concentration  fields 
In  the  flame  of  the  gaseous  and  condensed  fuels.  The 
comparative  calculations  are  made  for  the  diffusion  propane 
flame  and  the  designed  pyrotechnlcal  fuels  based  on  the 
mixtures  of  nltro-cellulose,  polymethylmetacrllate  and 
ammonia  perchlorate.  The  method  was  tested  at  the  various 
layout  of  the  heat-transfer  surface  and  the  combustion 
products  let.  The  Influence  of  errors  of  the  gas  velocity 
determination  on  the  temperature  values  calculated  is 
investigated.  The  conditions  of  the  effective  application  of 
the  method  are  formulated. 

The  necessary  operating  characteristics  of  the  volatile 
pyrotechnlcal  fuels  are  determined  by  evaporation  and 
chemical  transformation  processes  In  gas  phase.  The  planning 
of  the  concentration  of  Initial  components  and  the 
pyrotechnlcal  fuel  manufacture  technology  must  be  grounded  on 
concentration  data,  composition  of  combustion  products  data, 
temperature  gradients  data  In  the  flame.  The  data  required 
can  be  obtained  by  testing  of  pyrotechnlcal  fuel  In  chemical 
reactor,  when  heat-conducting  walls  of  a  reactor  can  be  used 
to  get  a  dimensional  "portrait  of  a  quickly  frousen  combus¬ 
tion  reaction". 

A  "portrait"  Is  a  trace  of  intermediate  reaction 
products  those  are  carried  off  by  chemically  reacting  flow  to 
a  reactor  wall.  The  optical  and  mechanical  properties  of  a 
trace  are  determined  by  his  thickness,  coagulating  particles 
concentration  and  coagulation  temperature.  The  "pencil 
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method"  to  determinate  the  temperature  In  the  name  Is  known. 
This  method  uses  the  measurements  ot  the  mechanical  hardness 
of  the  trace.  It  Is  a  variety  ot  contact  methods  ot 
mesurements. 

The  contactless  method  to  analyse  a  trace  has  been  deve¬ 
loped  In  [1].  The  velocity  distributions,  thickness  distri¬ 
butions,  the  temperature  dependence  of  the  combustion  pro¬ 
ducts  release  rate  and  a  classical  model  of  volatile  con¬ 
densed  system  burning  make  It  possible  to  build  the  closed 
algebraic  equations  system  to  calculate  the  temperature  field 
and  concentration  field  In  gas  phase. 

This  work  deals  with  the  basic  principles  of  the  method. 
The  right  algorithm  must  be  developed  In  the  specific  case. 
It  Is  stipulated  by  the  features  of  the  reactions  kinetics, 
location  and  shape  of  the  tranformatlon  zone,  velocity  field 
etc. 

A  flat  massive  stainless  steel  plate  was  used  to  obtain 
a  trace.  The  gaseous  and  pyrotechnlcal  fuels  were  being  led 
through  a  round  hole  In  a  plate.  It  Is  possible  to  lead  a 
liquid  fuel  through  a  capillary  hole.  The  specimen  of  pyro- 
technical  fuels  and  gaseous  fuel  were  being  burnt  In  Hele- 
Shaw  cell  to  obtain  a  two-dimensional  flow.  The  Hele-Shaw 
cell  Is  a  chink,  that  Is  belhg  formed  by  two  plates.  One  of 
them  is  perspex,  the  other  Is  steel.  The  surfaces  were  grin¬ 
ded  and  polished. 

The  traces  were  obtained  In  the  following  hydrodynamlcal 
situations  those  are  possible: 

-  a  combustion  products  let  and  a  surface  flowed  are  paral¬ 
lel; 

-  a  let  and  a  surface  flowed  are  perpendicular.  A  combustion 
products  velocity  Is  directed  to  a  surface  or  from  off  It; 

The  trace  Is  not  equally  thick  everywhere.  The  trace  be¬ 
came  as  a  thin  transparent  layer  If  the  precipitation  time 
reached  some  determined  value.  When  the  layer  is  being 
lighted,  the  Interference  picture  has  taken  place.  The 
figures  1 ,2  Illustrate  the  sensitivity  and  the  legibility 
ability  of  the  method. 

The  algorithm  of  the  temperature  calculation  Is  built  in 
this  way.  The  trace  was  covered  by  co-ordinate  rectangular 
grid.  The  layer  thickness  6  Is  determined  by  interference  or- 


m(x,y)  =  pj(  ka  +  A./2)/2'n 


(2) 
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here  Is  the  combustion  products  density  In  layer.  It  fol¬ 
lows  from  (1 ) ,  (2) : 

p  (x,y)  =  +  X/2)/[Z'n'\iix,y)'X]  (3) 

The  solid  combustion  products  concentration  In  gas  phase 
Is  proportional  to  their  formation  rate  T](x,y,T)  and  trans¬ 
formation  time  t: 

^(x.y,!)  =  p^(x.y)/T:(x.y).  (4) 

Here  T=T(x.y)  Is  the  temperature  distribution  on  the  surface. 
The  transformation  time  can  be  calculated.  If  the  disperse 
particles  motion  tra;jectorles  are  known.  The  combustion  pro¬ 
ducts  formation  rate  as  Arrenlus  dependence  Is: 

iKx.y)  =  k^exp{[T(x,y)  -  T^l/e), 
where  k  the  combustion  reaction  rate  constant,  T  Is  the 

O  O 

basic  temperature  of  the  Frank-Kamenetsky  expansion  [21, 
6=RT^/E,  R  Is  the  universal  gas  constant,  E  Is  the  activity 
energy.  It  follows  from  last  expression 

T(x,y)  =  T^  +  e*ln[T](x,y)/k^]  (5) 

The  equations  (3)- (5)  are  the  closed  equations  system 
for  calculation  of  temperature  distribution.  Thus  the 
equations  system  Is  based  on  the  theory  of  volatile  condensed 
fuels  burning  [31. 

The  boundery  layer  thickness  I  Is  3'10"^m, 

where  V  Is  an  average  flow  velocity,  v  Is  the  kinematic  vis¬ 
cosity.  The  extinction  zone  of  many  fuels  flames  is  less  as  a 
rule.  Because  the  temperature  determined  by  expression  (5)  Is 
not  the  surface  temperature. 

The  equation  system  (3) -(5)  Is  being  presented  as  a  rec¬ 
urrent  expression,  one  realizes  the  calculation  algorithm: 


(6) 

iT) 

(8) 

Up. 

(10 
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tj)  =  ^(Ax/U  )  =  ^(Ay/v 


=T^  +  e‘Zn(Ti^/k^),  (12) 

here  are  the  current  numbers  ct  the  grid  Junctions  along 
the  axes  X  and  Y,  N,  W  are  the  numbers  of  the  grid  Junctions, 
C  =A,*p  /2nt,  p  Is  the  layer  density.  The  expressions  (9), 
(11)  calculate  the  the  combustion  time  and  the  distance  co¬ 
vered  by  particle.  If  the  flow  velocity  Is  parallel  to  a 
plate  and  a  free  convective  velocity  Is  not  great,  then  the 
combustion  products  velocity  distribution  Is  expressed  as  an 
automodel  solution  of  the  boundary  layer  equations  [43  and 
one  Is  controled  experimentally: 

f  *^1/3 

u  =:  0.45*  —  *(1  -  th^e). 


V  =  0.55’  ^ 


e  =  0.27* 


Kv  11/3 


[2^(1  -  -  thll. 


The  value  of  the  kinematic  Impulse  K  Is  selected  empirically. 

The  vortex  flames  are  being  observed  If  the  combustion 
products  velocity  V  and  the  gravitational  acceleration  g  are 
opposite  and  Re<20,  Fr=^1 .  The  photography  of  the  vortex  flame 
Is  presented  In  Fig. 3. 

The  Reynolds  number  Is  Re=ud/v,  Froude  umber  Is  Fr  =  7^/gd, 
where  d  Is  typical  size.  The  velocity  field  of  the  vortex 
flame  can  be  defined  by  measurements  of  the  trajectories 
length  on  the  trace.  The  calculations  were  made  using  follow¬ 
ing  reccurent  expressions: 

^^3  =  «kl-  ^3'°°®  ^«3’ 


k  =  (  +1 ,  If  0<  a, - 

ij  2 


-  <  a.  .<  2%, 

2  ^  ^ 


%  3 

k  =  i  -1 ,  if  -<  a,  .<  -  x  . 

2  t3  2 

Z  =  3  +1 ,  If  0<  a^^<  %, 


I  =  j  -1 ,  11  '7U<  j<  z% 


Figure  3. 

The  vortex  Tlame  corresponding 
to  the  burning  of  the  "  nltro- 
celullose  -  polymethylmetacry- 
lat”  composition.  The  plate  Is 
Inclined,  Re=l5.  The  Mameter 
oT  a  specimen  Is  6  mm. 


Here  Is  the  angle  between  the  trajectory  and  the  axis  X 
(or  Y)  In  (f,j)-st.  junction  of  the  grid,  k,I  are  the  current 
junctions  numbers. 

It  Is  necessary  to  know  the  precise  values  of  the  kine¬ 
tic  constants  to  define  the  absolute  values  of  the  temperatu¬ 
re.  It  Is  not  always  possible  to  provide  the  Information 
about  combustion  kinetics  for  the  pyrotechnlcal  composition. 
The  temperature  was  being  measured  by  thermocouple  method  in 


the  single  typical  point  on  the  plate  surface  for  this  rea¬ 
son.  Then  the  0  value  was  being  varied  In  the  expression  (5) 
till  the  calculated  temperature  and  the  thermocouple  tempera¬ 
ture  will  become  equal.  The  results  of  the  temperature  fields 
calculations  are  presented  In  Fig. 4, 5.  They  correspond  to 
flames  shown  In  Fig. 1,3. 


Figure  4 


Figure  5 


The  temperature  field  of  the  hydrodlnamlcal  structure, 
which  analogous  the  one  shown  In  Fig. 2,  has  been  calculated. 
The  "temperature  crystal"  Is  presented  In  Fig. 6.  The  Investi¬ 
gation  of  the  solid  fuel  surface  has  shown  the  similarity  of 
the  surface  relief  and  the  "temperature  crystal"  one.  This  Is 
the  Indirect  corroboration  of  the  calculation  method. 


Figure  6. 


The  general  detect  ot  the  method  Is  the  great  error  ot 
the  entered  velocity  values.  The  study  of  the  Influence  of 
these  errors  has  shown,  that  the  velocity  error  AV/V  =1%  pro¬ 
vides  the  temperature  error  AT/T<Q,1%.  It  Is  being  explained 
by  the  faint  dependence  of  a  velocity  on  a  temperature  in  the 
denominator  of  the  logarithm  expression  (5).  The  other  defect 
Is  the  Influence  of  the  turbulence.  The  turbulence  scale  li¬ 
mits  the  legibility  ability  of  the  method. 

The  results  of  the  calculations  have  made  It  possible  to 
assert  that  the  method  can  be  applied  to  the  volatile  pyro- 
technlcal  fuels  flames  diagnostics. 
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1.  Introduction 


When  an  explosive  device  is  impacted  by  a  bullet,  violent  pyrotechnic  reactions  are 
observed  for  some  configurations.  These  reactions  are  not  the  result  of  a  SDT  (Shock  to 
Detonation-Transition),  but  of  a  DDT  (combustion-to-Deflagration-to-Detonation  Transition). 
It  is  therefore  essential  for  the  pyrotechnic  safety  to  study  the  ignition  process  during  the 
projectile  penetration.  Our  purpose  is  to  identify  the  mechanisms  which  can  lead  to  a 
significant  heating  of  the  explosive  and  therefore  to  a  possible  ignition,  and  then,  using  well- 
adapted  experiments,  to  select  the  predominant  mechanism(s)  governing  the  studied 
phenomenon. 

Despite  the  large  number  of  impact  tests  of  this  type  performed  worldwide,  these 
mechanisms  have  still  not  been  clearly  identified  up  to  now. 


2.  Phenomenology 


As  mentioned  previously  the  assumed  phenomenology  is  of  the  DDT  type  as  presented 
in  figure  1. 


Figure  1 
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Upon  impact  and  during  penetration,  the  projectile  induces  an  important  damage  in  the 
target.  This  damage  is  located  close  to  the  axis  of  perforation,  but  also  far  from  of  it  due  to 
plastic  deformations  and  propagation  of  cracks  far  from  the  perforation  channel.  If  the  input 
energy  is  sufficient,  there  is  an  ignition  of  the  explosive  followed  by  a  combustion  of  the 
fragmented  explosive.  Depending  on  experimental  conditions,  this  combustion  may  evolve  into 
a  deflagration  or  even  a  detonation. 


3.  Possible  mechanisms 


The  different  possible  mechanisms  leading  to  ignition  can  be  classified  into  three 
categories  ; 

1  -  Influence  of  the  structuration  : 

-  heating  of  the  confinement  during  perforation, 

-  case  rupture  with  hot  particles  projection  into  the  explosive. 

2  -  Influence  of  the  projectile  : 

-  stripping  of  the  front  and  back  faces  of  the  bullet  (5.56  bullet), 

-  heat  exchange  between  the  projectile  and  the  explosive, 

-  friction  of  the  bullet  into  the  explosive. 

3  -  Influence  of  the  behavior  of  the  explosive  ; 

-  plastic  deformations, 

-  shear  stress  and  fracturing, 

-  outflow  of  explosive  material. 

Figure  2  below  illustrates  all  these  mechanisms. 


Figure  2 


4.  The  experimental  set-m 


It  is  presented  on  Figure  3.  The  launcher  is  a  60  or  70  cm  long  grooved,  5.56  or  7.62 
calibre  gun.  A  system  of  optic  barriers  separated  by  a  50  cm  distance  is  used  to  measure  the 
velocity  of  the  projectile.  The  experiments  are  filmed  with  an  S-VHS  camera,  and  recorded  on 
a  VCR. 


TARGET 


S-VHS  VIDEO  CAMERA 


VELOCITY  MEASUREMENT  BARRIER 


DATA  ACQUISITION  UNIT 


VCR 


Figure  3 


5.  Experiments  performed 

A  large  number  of  tests  were  performed,  the  main  characteristics  of  which  are  shown 

below : 

-  5.56  armour  piercing  bullet  velocity  ;  1,000  m/sec. 

-  7.62  PPI  bullet  velocity  :  900  m/sec. 

-  Lateral  confinement :  20  mm  thick  steel  cylinder. 

-  Front  and  back  case  :  3  mm  thick  steel  plates. 
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The  explosive  tested  is  an  HMX-based  composition  (XI)  .  The  samples  used  are 
cylinders,  O  100,  h  40  mm,  unless  otherwise  specified  below. 

Figure  4  presents  a  summary  of  the  first  tests  performed  with  a  5.56  bullet. 


Configuration  1 

Configuration  2 

1 

msB 

1 

- 

No  reaction 

Dispersion  of  powdered  explosive 

Combustion 

Configuration  3 

Configuration  4 

Deflagration 

Detonation 

Figure  4 


In  the  tests  performed  in  configuration  1,  no  pyrotechnic  reaction  was  observed.  The 
examination  of  the  model  after  the  test  showed  an  important  dispersion  of  powdered  explosive. 
Furthermore,  the  perforation  channel  into  the  target  had  a  diameter  highly  greater  than  the 
bullet  one,  but  no  trace  of  decomposition  was  identified.  In  configuration  2,  a  dispersion  of  the 
explosive  from  the  front  face  occurred  initially.  It  was  followed  by  an  ignition  close  to  the 
perforation  channel  and  by  a  complete  combustion  of  the  explosive  after  2  minutes. 
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In  the  tests  3  and  4,  a  violent  pyrotechnic  reaction  was  obtained.  Given  the  means  of 
observation  (24  images  per  second),  the  reaction  type  determination  was  only  possible  by 
examination  of  the  models  after  the  tests. 

We  subsequently  performed  an  additional  test,  using  a  more  complex  structure 
integrating  carbon  insulator  on  both  sides  of  the  explosive,  in  order  to  eliminate  the  effects  due 
to  confinement  heating  and  to  the  projection  of  hot  particles  (see  Figure  5).  After  perforation 
of  the  model,  smoke  came  out  from  the  perforation  holes.  After  5  seconds,  a  violent 
pyrotechnic  reaction  was  observed.  The  Combustion-to-Deflagration-to-Detonation  transition 
was  clearly  evidenced  in  this  case. 


Configuration  5 


H  Insulating  material 


Perforation  of  the  structure  by  the  bullet 
Smoke 

Violent  reaction  after  5  seconds 

Figure  5 

This  first  series  of  tests  enabled  us  to  eliminate  from  the  list  of  potential  ignition 
mechanisms  those  related  to  the  confinement.  This  confinement  has  an  effect  only  on  the 
violence  of  the  pyrotechnic  reaction  if  ignition  occurs.  On  the  other  hand,  the  nature  of  the 
armour  piercing  5.56  bullet  (insert  +  core)  makes  it  impossible  to  determine  any  influence  of 
the  bullet.  The  two  components  behave  in  a  random  fashion  upon  impact  :  in  certain  cases, 
separation  of  the  two  parts  of  the  bullet  may  occur,  and  the  structure  is  then  attacked  by  two 
projectiles.  It  therefore  appeared  essential  to  use  a  one-piece  bullet,  such  at  the  7.62  PPI,  the 
slightly  larger  calibre  of  which  can  more  over  amplify  the  phenomena  to  be  observed. 

Figure  6  presents  the  tests  which  enabled  us  to  get  a  better  understanding  of  the 
phenomena  involved,  and  to  propose  an  interpretation  of  the  effects  of  this  kind  of  stimulus. 
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Configuration  6 

Configuration  7 

Wurii 

asm 

Explosive  ^100  h40 

Explosive  OlOO 

h40 

Ignition  followed  by  extinction 
Dispersion  of  powdered  explosive 

Live  combustion 

Configuration  8 

Configuration  9 

Explosive  <^40  h200 

mm 

Explosive  430  x  210  x  120 

Deflagration 

Detonation 

Figure  6 


In  the  case  of  the  experiment  on  bare  explosive  (configuration  6),  ignition  appears  quite 
clearly  on  the  films.  This  flash  of  light  is  only  visible  on  one  image.  The  powdered  explosive 
found  after  the  test,  and  the  fact  that  the  scale  model,  analyzed  after  the  test,  showed  no  trace 
of  combustion,  indicates  that  ignition  occurred  in  the  most  fragmented  area  of  the  explosive. 
The  combustion  stopped  when  the  powdered  burning  explosive  was  expelled  out  of  the  target. 

The  following  experiment  (configuration  7)  confirmed  this  hypothesis.  The  possibility 
of  motion  of  the  fragments  was  limited  by  the  front  and  back  plates  and,  in  this  case,  a 
complete  combustion  of  the  scale  model  developed.  The  last  two  configurations  tested  also 
confirmed  this  hypothesis  :  the  violent  reactions  observed  were  the  results  of  an  auto¬ 
confinement  phenomenon.  In  this  case  the  burning  fragments  could  not  be  ejected.  In 
configuration  9,  the  weight  of  explosive  used  (22  kgs  in  the  case  of  the  parallelepiped)  enabled 
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the  development  of  compressive  and  shock  waves  and  the  phenomenon  evolved  up  to  a 
detonation. 


6.  Proposed  scenario 

Submitted  to  the  penetration  of  a  bullet,  the  explosive  is  powdered  all  along  the 
projectile  trajectory.  For  the  studied  composition,  there  is  a  systematic  ignition  of  this 
powdered  explosive.  If  this  powder  can  expand  freely,  the  phenomenon  stops.  Otherwise, 
combustion  in  the  bulk  of  the  explosive  develops.  If  the  confinement  is  strong  enough,  the 
pressure  generated  by  the  combustion  gases  increases  and  a  transition-to-deflagration,  or  even 
to-detonation,  becomes  possible.  In  the  case  of  aggression  on  a  large-sized  explosive  target, 
the  pyrotechnic  reaction  obtained  is  a  detonation,  as  a  result  from  the  auto-confinement  of  the 
material. 


7.  Conclusions 

Among  all  the  mechanisms  identified,  only  the  phenomenons  associated  to  the 
mechanical  behavior  of  the  explosive  and  the  friction  of  the  bullet  in  the  material  appear  to 
have  an  influence  on  ignition.  Additional  experiments,  with  high-performance  diagnostic  tools 
(ultra-fast  integral  imaging,  infra-red  imaging,  optic  fibers,  etc.)  will  make  it  possible  to  situate 
precisely  the  ignition  areas  and  to  better  understand  the  main  phenomena  governing  ignition 
during  projectile  penetration. 


14-1 


STUDIES  ON  THE  BURNING  RATE  OF 
BUTACENE/AL/AP/CARBON  FIBER  COMPOSITE  PROPELLANTS 

Hsi-Chcng  Yeh  Dah-MingChen  Huey-Chemg  Pemg 

Chemical  System  Research  Division 
Chung-Shan  Institute  of  Science  and  Technology 
P.O.  BOX  90008-17,  Lungtan  Taiwan,  R.O.C. 


ABSTRACT 

The  effect  of  carbon  fiber  in  Butacene/Al/AP  composite  propellants  has  been  studied  in  this 
work.  Results  indicated  that  the  burning  rate  of  the  Butacene/Al/AP  composite  propellants 
increased  significantly  by  the  addition  of  3%  carbon  fiber.  These  propellants  exhibited  burning 
rate  higher  than  51.4  mm/sec  and  118.5  mm/sec  at  16  kg/cm'  and  100  kg/cm%  respectively, 
while  Butacene  binder  and  ultrafine  AP  was  employed.  Besides,  the  effect  of  aluminum 
particle  size  on  burning  rate  of  the  abovementioned  propellants  was  also  studied.  Propellants 
with  different  size  of  aluminum,  i.e.  60  /z  m,  30  ^  m  and  16  ^  m,  their  burning  rate  were  1 17 
mm/sec,  107  mm/sec  and  104  mm/sec  (at  100  kg/cm'),  respectively.  The  burning  phenomena 
and  mechanism  of  Butacene/Al/AP/Carbon  Fiber  composite  propellants  were  mvestigated  by 
strand  burner,  DSC,  ARC,  and  window  bomb.  It  is  concluded  that  (1)  Butacene  is  a  good 
promoter  for  AP  decomposition,  (2)  carbon  fiber  not  only  enhances  the  heat  conduction  of  the 
propellants  but  also  catalyzes  the  thermal  decon^osition  of  its  ingredients  or  even  participates 
the  gas  phase  reaction,  (3)  because  of  the  extremely  short  response  time  on  the  burning 
surface,  a  "pseudo-inert  aluminum"  hypothesis  is  proposed  to  elucidate  the  phenomenon  of  the 
larger  the  aluminum  particle  size,  the  higher  the  burning  rate  of  this  unique  propellant. 

Carbon  fiber  contaming  propellant  can  be  applied  to  any  complex  grain  configuration, 
therefore,  it  is  superior  to  metal  wire  embedded  propellant  which  is  restricted  to  the 
end-burning  grain  only.  This  is  another  merit  of  this  propellant. 


3}!  Butacene  is  the  trade  mark  of  SNPE,  France. 
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INTRODUCTION 


Higher  thrust  of  a  rocket  motor  is  always  demanding,  and  the  thrust  F  is  related  to  specific 
impulse  (Isp),  density  {p  \  burning  rate  (R^)  and  burning  area  (AJ  of  the  propellant  grain,  it 
can  be  shown  by  the  equation:  F=  Isp  •  p  •  Rj,  •  .  However,  it  is  more  and  more  difficult 

to  promote  density  impulse  (Isp  •  p  )  of  the  propellant  extensively  nowadays.  In  addition,  the 
complex  grain  configuration  are  seldom  in  practical  applications,  mainly  because  of 
processing,  structure  and  prohibited  high  cost.  Consequently,  grain  configuration  is  generally 
restricted  to  several  simple  designs  .  Therefore,  burning  rate  enhancement  of  solid  propellant  is 
a  practical  and  crucial  technology  to  improve  the  thrust  characteristics  of  a  rocket  motor. 

Generally  speaking,  there  are  several  approaches  to  increase  the  burning  rate  of  soUd 
propellants.  Such  as  using  burning  rate  modifier,  blending  ultra  fine  AP,  employing  energetic 
binder,  and  embedding  metal  wire  or  fiber  in  the  propellants  etc..  There  are  some  distinctive 
examples  that  achieved  fascinating  results  in  the  past.  For  example,  using  porous  ammonium 
perchlorate^'^  to  reach  a  burning  rate  of  154.94  mm/sec  at  2000  psi;  blending 
ultra-high- surface  area  ammonium  perchlorate^^^  in  the  propellant,  the  burning  rate  achieved 
83.1  mm/sec  at  2000  psi;  employing  innovative  carboranes  as  burning  rate  modifiers  in 
CTPB/AP/NBC,  HTPB/AP/IBC  and  HTPB(orCTPB)/AP/NF-MCA  propellants^^\  the  burning 
rate  were  101.6  mm/sec  at  1000  psi,  88.9  mm/sec  at  1000  psi,  123.2  mm/sec  at  2000psi, 
respectively.  In  1970,  the  sohd  propellants  embedded  with  metal  wires^''^,  displayed 
21.8-68.7%  increase  in  theh  burning  rate.  However,  some  drawbacks  and  limitation  for  the 
above-mentioned  examples  are  existed.  High  surface  area  of  AP  or  incompatibility  problem 
causing  processing  of  the  sohd  propeUant  became  extremely  difficult,  on  the  other  hand,  the 
metal  wire  can  only  be  embedded  in  relative  smaller  diameter  grains.  Fortunately,  for  last 
decade,  SNPE  has  developed  a  new  prepolymer  Butacene,  which  was  to  graft  a 
shico-ferrocene  derivative  onto  HTPB.  This  compound  exhibits  excellent  burning  rate 
capabihty,  it  is  comparable  to  other  ferrocene  derivatives  that  generally  used  as  combustion 
catalyst  for  sohd  propehants^^~^l  Besides,  using  Butacene  in  composite  propeUants,  almost 
eliminate  migration  problem  that  encountered  by  the  other  ferrocene  derivatives.  Hence,  the 
safety  characteristics  and  balhstic  performance  of  the  Butacene  propellants  are  superior  to  the 
propeUants  with  conventional  catalysts^^'*^  In  this  paper,  the  synergistic  effect  of  carbon  fiber 
on  burning  rate  of  Butacene/Al/AP  composite  propeUants  is  emphasized.  Specific  goal  of  this 


research  is  to  formulate  a  composite  propellant  that  the  burning  rate  are  higher  than  40 
mm/sec  and  100  mm/sec  at  16  kg/cm"  and  100  kg/cm",  respectively. 

EXPERIMEOTAL 

Butacene  and/or  HTPB  binder  and  other  additives  like  carbon  fiber  '  '  AP  '  UFAP  ' 

A1  were  blended  together  in  a  Baker  Perkins  mixer,  certain  processing  aids  and  antioxidant 
were  also  incorporated.  After  curing  in  a  65°C  oven  for  5  days,  the  propellants  are  ready  for 
testing.  A  propellant  sample  in  6x6x1 20mm  coated  with  SBR  is  used  for  burning  rate 
determination.  DSC  measurements  were  performed  by  a  Perkin  Elmer  DSC  7  analyzer. 
Another  important  thermal  analysis  was  carried  out  by  an  Accelerating  Rate  Calorimeter 
(ARC).  The  reaction  vessels  are  2.5cm  in  diameter  and  made  by  titanium,  having  a  mass  of 
approximately  lOg.  A  pressure  transducer  with  a  0—17200  KPa  range  is  connected  to  the 
reaction  vessel  through  stainless  steel  capillary  tubing.  In  a  typical  experiment,  a  clean  and 
weighed  reaction  vessel  was  charged  with  approximately  0.4g  of  sanq)le,  then  sealed  and 
reweighed.  The  reaction  vessel  was  connected  with  Swagelok  fitting  to  the  pressure 
measurement  device  and  enclosed  in  the  calorimeter.  At  first,  heated  up  the  vessel  to  the 
setting  temperature  ( 100— 120°C)  and  waited  for  10  minutes  to  check  if  there  is  any  detectable 
self-heating  temperature  rise  (about  0.02°C  ),  if  no  reaction,  then  the  temperature  is 
automatically  raised  by  successive  fixed  increment  (3  C  )•  Once  an  exotherm  has  been 
detected,  automatic  recording  of  time,  ten:q)erature  and  pressure  data  is  carried  out  until  the 
reaction  is  finished. 

RESULTS  AND  DISCUSSION 

Burning  rate  of  HTPB/Al/AP  composite  propellants 

Table  1.  shows  that  Fe^Oj,  carbon  fiber  and  Butacene  are  utilized  separately  and  as 
co-catalysts  in  HTPB/Al/AP  composite  propellants.  It  is  clear  that  the  highest  burning  rate  of 
these  HTPB  propellants  is  the  one  with  2%  Fe203  and  3%  carbon  fiber,  it  reaches  71.12mm/s 
at  100kg/cm^  but  still  fail  to  achieve  the  specific  goal,  although  both  FcjOj  and  carbon  fiber 
are  used  as  a  combination.  It  is  also  interested  to  note  that  while  Butacene  is  used  as  a  catalyst 
in  propellant  C,  the  capability  to  enhance  the  burning  rate  is  better  than  that  of  carbon  fiber. 
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but  inferior  to  Fe203  at  high  pressure  and  exceeds  it  at  low  pressure.  It  means  that  propellant 
with  Butacene  as  a  catalyst  holds  lower  pressure  exponent.  Propellant  D  without  any  carbon 
fiber,  and  propellant  E  and  F  incorporate  1%  and  3%  of  carbon  fiber  in  replace  of  AP,  the 
result  reveals  that  higher  content  of  carbon  fiber  gives  higher  burning  rate. 

Burning  rate  of  HTPB  and/or  Butacene/ Al/AP  composite  propellants 

Propellants  containing  HTPB  and/or  Butacene  binders  are  listed  in  Table  2.  Tbese  propellants 
clearly  display  that  the  burning  rate  increases  with  the  Butacene  content.  Moreover,  the 
co-catalyst  effect  of  Butacene  and  Fe203  is  clearly  demonstrated.  For  propellant  I,  the 
dual-fimction  Butacene  binder  serves  as  the  only  catalyst,  which  has  burning  rate  of 
25.9mm/sec  and  66.5mm/sec  at  16kg/cm^  and  100kg/cm^  respectively.  If  fine  AP  in  propellant 
I  is  replaced  by  Fe^Oj,  then  this  co-catalyst  propellant  exhibits  a  burning  rate  increase  of  30% 
and  41%  for  low  and  high  pressure.  The  order  of  the  burning  rate  at  lOOkg/cm^  is  H>G>I>D. 
However,  none  of  these  four  composite  propellants  can  achieve  the  special  goal  of  this 
research. 

Burning  rate  of  Butacene/ Al/AP/Carbon  Fiber  composite  propellants 

Table  3  shows  the  results  of  composite  propellants  that  adopting  the  unique  approach  — 
employing  Butacene  as  binder,  FCjOj  and  carbon  fiber  as  burning  rate  co- catalyst.  There  are 
four  parameters  are  discussed  in  this  case,  including  ( 1)  A1  content,  (2)  A1  particle  size,  (3)  AP 
particle  size,  (4)  carbon  fiber  content,  all  of  these  10  propellants  satisfy  the  burning  rate 
requirement  of  this  research.  Very  short  carbon  fiber(^  500  ii  ,  see  Fig.  1)  is  chosen  in  this 
case,  in  order  to  alleviate  the  burning  rate  variation  problem  which  caused  by  the  orientation 
of  carbon  fiber  in  propellant. 

Fig.  2  shows  that  the  burning  rate  of  Butacene/Al/AP  composite  propellant  is  promoted  as  the 
content  of  carbon  fiber  is  increased.  The  fastest  burning  rate  of  these  10%  A1  propellants  are 
110.4mm/sec  and  45.4mm/sec  at  lOOkg/cm"  and  16kg/cm^  respectively,  as  3%  carbon  fiber  is 
added.  When  the  content  of  A1  powder  is  increased  fi-om  10%  to  17%,  the  burning  rate  still 
depends  on  the  content  of  carbon  fiber.  However,  the  effect  of  carbon  fiber  diminished  as  the 
pressure  higher  than  70kg/cm^.  The  results  is  showed  in  Fig.  3.  In  addition,  the  particle  size 
effect  of  A1  powder  is  also  showed  in  Fig.  4.  It  is  quite  obvious  that  the  larger  the  A1  particle 
size,  the  faster  the  burning  rate  of  these  Butacene/ Al/AP/Carbon  fiber  propellants. 
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The  same  phenomena  are  consistently  recurred  for  propellants  mixed  with  20  /Z  m  AP  instead 
of  50  //  m  AP,  the  results  are  exhibited  in  Fig.  5.  The  highest  burning  rates  of  this  category 
propellant  are  118.5mm/sec  at  l00kg/cm^  and  51.4mm/sec  at  16kg/cm%  which  accomplishes 
the  specific  goal  of  this  study.  Besides,  the  processing  and  mechanical  properties  are 
con^arable  to  conventional  propellant. 

Burning  rate  mechanism  of  Butacene/Al/AP/Carbon  Fiber  composite 
propellants 

Fig.  6  shows  that  the  DSC  thermograph  of  sample  C59-4  containing  Butacene  binder,  Al,  AP 
had  two  stages  decomposition.  The  most  noticeable  change  is  that  the  high  temperature 
decomposition  peak  of  AP  is  shifted  tremendously  fi-om  uncatalyzed  AP's  420°C^’”^  to  325  C. 
It  is  evident  that  the  highly  catalyzed  power  of  Butacene  on  AP  propellant.  In  addition,  the 
sample  C59-5  containing  the  same  ingredients  as  sample  C59-4  with  2%  Fe^O,,  a  highly 
reactive  deflagration  took  place  at  ~310°C.  Moreover,  the  saaqile  C59-6  is  consisted  of  one 
more  ingredient  than  sample  C59-5,  a  3%  of  carbon  fiber  is  incorporated,  and  the  onset 
temperature  regarding  deflagration  is  further  reduced  from  310°Cto  250°C.  This  phenomenon 
strongly  indicates  that  the  carbon  fiber  is  not  only  a  thermal  conductor  (conductivity 
==50. 14kcal/m  •  hr  •  °C)  but  also  a  good  catalyst  for  Butacene  propellant. 

Table  4  and  5  listed  the  thermoanalytical  data  which  obtained  by  ARC  can  also  be  used  to 
elucidate  the  effect  of  carbon  fiber  on  burning  rate  regarding  the  Butacene  propellants.  In 
comparison  of  three  samples,  it  is  clear  that  the  burning  rate  of  sample  NO.  1  is  higher  than 
that  of  sample  N0.2  and  N0.3.  Simultaneously  ,  the  overall  reaction  rate  of  sample  NO.l  is 
2.3  times  and  4.7  times  faster  than  that  of  sample  N0.2  and  N0.3,  respectively.  This  seems  to 
imply  that  carbon  fiber  plays  an  effective  role  in  augmenting  the  burning  rate  of  the  unique 
Butacene  propellant.  Therefore,  it  is  another  evidence  to  disclose  that  the  carbon  fiber  behaves 
as  both  chemical  and  physical  functions  to  promote  burning  rate  in  Butacene  propellants. 
Besides,  the  synergetic  effect  of  Butacene  and  carbon  fiber  is  also  revealed  . 

In  addition  to  the  DSC  and  ARC  results.  Fig.  7  exhibits  the  flame  sturctures  of  propellant  H 
and  propellant  R  that  were  burned  in  a  window  bomb.  Both  propellant  R  and  propellant  H  are 
prepared  of  Butacene,  Fe203,  AP  and  Al,  and  the  only  difference  between  them  is  the 
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propellant  R  has  an  extra  3%  carbon  fiber.  As  compared  with  propellant  H,  a  very  bright 
illuminous  corona  can  be  clearly  observed  above  the  burning  surface  of  propellant  R.  It  is 
believed  that  the  carbon  fiber  catalyzed  the  thermal  decomposition  and/or  even  participated 
the  gas  phase  reaction  ,  thus  increased  the  burning  rate  of  this  propellant. 

Based  on  the  burning  rate  data,  one  may  easily  conclude  that  the  larger  the  A1  particle  size, 
the  higher  the  burning  rate  for  this  unique  type  of  propellant.  Considering  the  characteristic 
high  burning  rate  nature  of  this  propellant,  we  proposed  a  "pseudo-inert  aluminum"  hypothesis 
to  elucidate  this  phenomenon.  Generally,  the  A1  powder  is  enclosed  by  a  layer  of  high-melting 
point  (2323k)  Al^Oj.  Before  realizing  the  high  heating  value  of  this  fuel,  the  pure  aluminum 
inside  the  shell  must  be  heated  up  to  its  melting  temperature  (933k)  first,  then  hquefied,  and 
expanded  to  break  through  the  AI2O3  shell,  via  vaporization  and  finally  reacted  with  the 
adjacent  oxidizing  species  as  they  difliise  into  the  gas  phase.  For  conventional  aluminized 
propellant,  most  of  the  heat  generated  by  the  metal  fuel  is  not  too  far  away  fi'om  the  burning 
surface,  consequently,  effective  heat  feedback  to  enhance  the  burning  process  is  realized. 
Contrary  to  the  above  situation,  the  heat  contribution  of  A1  powder  for  this  high  burning  rate 
propellant  is  almost  impossible  to  receive  by  the  burning  surface.  The  main  reasons  are;  (1) 
very  thin  ( =  1  order  thinner)  thermal  wave  thickness  and  extremely  short  (  =  2  order  shorter) 
residence  (response)  time  of  AI  powder  on  the  burning  surface,  (2)  A1  powder  ejected  away 
fi’om  the  burning  surface  with  very  high  velocity  ,  (3)  the  burning  surface  recessed  away  very 
fast.  Therefore  most  of  the  Al  powder  only  heated  up  and  ejected  to  a  distant  gas  phase 
followed  by  igmted  and  burned  there,  but  with  very  limited  heat  feedback  to  the  burning 
surface.  Consequently,  in  the  sense  of  burning  rate,  Al  powder  served  temporarily  as  an  inert 
"heat  smk".  Moreover,  smaller  Al  powder  has  larger  surface  area  caused  more  heat  loss  fi’om 
burning  surface  and  less  effective  heat  absorbed  by  the  other  ingredients,  therefore  lead  to 
lower  burning  rate.  In  addition,  fiom  the  micro  viewpoint  when  an  larger  Al  particle  ejects 
fiom  the  surface,  a  bigger  hole  will  be  generated,  thus  enhanced  the  burning  rate,  this 
inference  also  explains  the  phenomenon. 


CONCLUSION 


The  Butacene  propellant  with  Fe^Oj,  carbon  fiber  as  burning  rate  modifiers  achieved  very  high 
burning  rate  at  both  low  and  high  pressures.  The  burning  phenomenon  and  mechanisms  of 
these  unique  propellants  were  investigated  by  strand  burner,  DSC,  ARC  and  window  bomb. 
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The  dual  functions  of  carbon  fiber  are  evidenced  in  this  research..  In  view  of  the  baUistic, 

mechanical  and  processing  properties,  the  practical  application  of  this  unique  propellant  is 

quite  promising. 
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Table  1 .  Burning  Rate  of  HTPB/Al/AP  Composite  Propellants 

^ NO. 

Item -  - - ABC 

1  HTPB  Binder,  wt  %  17  15  15 

2  FCjOj ,  wt%  —  _  — 

3  Butacene,  wt%  -  2 

4  Carbon  Fiber,  wt%  —  2  — 

5  Alfine,  wt%  17  17  17 

6  AP  j5ne  +  UFAP,  wt%  66  66  66 

Burning  Rate,  mm/sec  @16kg/cm^  5.4  10.7  17.2  ! 


@100  kg/cm^ 


Pressure  Exponent  n 


A 

B 

C 

D 

E 

17 

15 

15 

15 

15 

— 

— 

— 

2 

2 

- 

— 

2 

— 

— 

— 

2 

— 

— 

1 

17 

17 

17 

17 

17 

66 

66 

66 

66 

65 

5.4 

10.7 

17.2 

14.9 

16.5 

17.1 

37.9 

39.7 

52.9 

60.1 

0.63 

0.69 

0.46 

0.69 

0.71 

Table  2.  Burning  Rate  of  HTPB  or  Butacene/APAP  Composite  Propellants 

Item _  D  G  H 

1  HTPB  Binder,  wt  %  15  8  — 

2  Butacene  Binder,  wt  %  ~~  7  15 

3  Fe203,wt%  2  2  2 

4  A1  fine,  wt%  17  17  17 

5  AP  fine  +  UFAP,  wt%  66  66  66 

@  16  kg/cm^  14.9  24.5  33.7  2 

Burning  rate,  mm/sec _ 

_ _  @100  kg/cm'  52.9  71.6  93.2  6 

Pressure  Exponent  n  0.69  0.59  0  56 


D 

G 

H 

15 

8 

— 

— 

7 

15 

2 

2 

2 

17 

17 

17 

66 

66 

66 

14.9 

24.5 

33.7 

52.9 

71.6 

93.2 

0.69 

0.59 

0.56 

Table  3.  Burning  Rate  of  Butacene/Al/AP/Carbon  Fiber  Composite  Propellants 
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Table  4.  Ballistic  Properties  of  Butacene/Al/AP/Carbon  Fiber  Composite 
Propellants 


\  Item 

No\ 

Composition,  wt% 

Ballistic  Properties 

Burning  Rate,  mm/sec 

Pressure  Exponent 
n 

16  kg/cm^ 

100  kg/cm^ 

1 

Butacene/AI/AP/FejOj/Carbon  Fiber 

15/  17/  63/  2/3 

51.4 

118.5 

0.46 

2 

Butacene/Al/AP/FcjOj 

15/  17/  66/2 

33.7 

93.2 

0.56 

3 

HTPB/A]/AP/Fe203 

15/  17/66/2 

14.9 

52.9 

0.69 

Table  5.  Thermoanalytical  Data  by  ARC 


\  Item 

NO.\ 

T, 

t. 

Ti 

AT* 

At 

1 

302.7 

183.8 

514.2 

440.2 

0.06 

1.61 

2 

325.8 

169.2 

631.8 

^  406.2 

0.02 

0.69 

3 

268.9 

179.7 

622.1 

356.4 

0.02 

0.34 

Ti  •  initial  reaction  temperature 
ti  ■  time  to  initial  reaction 


Overall  Reaction  Rate: 

*  AT 

—  =(Tm-Tt)/(tm-ti) 


Tm  •  max.  reaction  temperature 
tm  •  time  to  max.  reaction 
Ti  :  initial  reaction  rate 


Fig.  1.  Microscopic  picture  (200X) 
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Carbon  Fiber  Content  (  wt  %  ) 

Fig.  2.  Effect  of  concentration  of  carbon  fiber  on  burning  rate  of 
Butacene/Ai/AP/Carbon  Fiber  composite  propellants. 


2  4 

Carbon  Fiber  Content  (  wt  %  ) 


Fig.  3.  Effect  of  concentration  of  carbon  fiber  on  buring  rate  of 
Butacene/AJ/AP/Carbon  Fiber  composite  propellants. 


Propellant  H  without  carbon  fiber 


Fig.  7.  Flame  structuri 
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THERMAL  DECOMPOSITION  OF  DINITRAMIDE  AMMONIUM  SALT 
G.B.  Manelis 

Institute  of  Chemical  Physics  RAS  in  Chernogolovka 


The  kinetics  of  dinitramide  ammonium  salt  NH^N(N02)2  (1) 

decomposition  was  studied  by  the  manometric  method.  This 
method  was  adjusted  by  the  spectrophotometric  analysis  of 
anion.  The  aqueous  solution  of  1  has  the  maximum  of  adsorption 
at  283.5  nm  with  the  extinction  coefficient  5600  +  100. 

Gaseous  products  were  analyzed  by  LGC  technique  and  mass- 
spectrometry,  water  -  by  the  Fisher  method,  nitric  acid  in  the 
products  -  by  H'''  concentration.  The  special  physical  chemical 
methods  has  been  elaborated  for  the  determination  of  ammonium 
nitrate  admixture  in  1. 

3 

The  degree  of  vessel  filling  with  the  substance  (m/V,  g/cm  ) 
-4 

was  changed  from  10  to  1 .  Large  m/V  allows  to  observe  the 
reaction  at  the  early  stages  beginning  with  the  conversion 
degree  of  0.01%. 


Decomposition  in  the  liquid  phase 

-4 

At  the  large  free  volume  (m/V  <6-10  )  and  the  temperatures 

above  130  ^C  the  decomposition  follows  a  first  order  equation 
(Figs  1  and  2).  From  1  mole  of  1  four  moles  of  the  gaseous 
products  are  formed.  Composition  of  the  products  is  the 
following:  N2O  and  N2  (25%  of  each),  H2O  (50%),  NO  and  NO2 
traces.  The  condensed  residue  is  NH^NO^ • 
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The  rate  constant  of  the  first  order  takes  the  form: 

k  =  exp  (-35500/RT)  (1) 

At  the  temperatures  100  -  120  °C  and  m/V  >  0.01  the  reaction 
has  clearly  defined  autocatalytic  character  (Fig.  3).  Up  to 
the  conversion  degree  of  15%  (104  m/V  =  0.3)  the  curve  is 
described  with  the  first  order  equation  of  autocatalysis. 
Further  the  change  in  the  rate  follows  the  first  order  law 
with  the  rate  constant  50  times  more,  than  that  of  for  the 
initial  stage  of  the  decay. 

HNO^/  water,  ammonium  nitrate  and  obviously  ^2^4 
accumulated  in  the  melt  1  at  large  m/V  up  to  the  conversion 
degree  of  15  -  20%.  After  that  the  formation  of  nitric  acid 
and  water  is  stopped.  N2O,  and  traces  of  NO  and  NO2  are 
discovered  in  the  gas  phase.  At  the  early  stages  and  N^O 

are  formed  in  the  equal  amounts.  Further  the  portion  of  N2  is 
decreased  and  after  15  -  20%  of  decomposition  N2is  not  formed 
at  all.  At  the  second  stage  of  the  catalytic  process  described 
with  the  first  order  equation  (see  Fig.  3)  only  N2O  and 
ammonium  nitrate  are  formed.  The  total  amount  of  the  gaseous 
products  at  all  stages  comprises  1  mole  per  mole  of  1. 

The  rate  of  the  catalytic  processes  depends  on  m/V.  The  direct 

experiments  proved,  that  HNO^  and  NO2  play  here  the  role  of 
catalysts . 

The  rate  of  the  initial  stage  decomposition  does  not  depend  on 

m/V  and  the  rate  constant  is  described  with  the  equation  (1) 
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obtained  for  the  noncatalytic  decay  at  high  temperatures  (Fig. 
4). 

The  parameters  of  this  equation  correlate  best  of  all  to  the  N 
-  N  breaking  in  the  anion: 

N(N02)2  NNO2  +  NO2 

There  are  some  data  indicating  that  an  alternative  way  of 
decay  through  the  salt  dissociation  is  possible: 

NH^N(N02)2  tE:  NHg  +  HN{N02)2 

In  the  experiments  with  ND^N(N02)2  ^  kinetic  isotope  effect 
=  1.38  at  98  was  discovered.  On  addition  of  NH^  the 
initial  rate  decreases.  The  strong  bases  like  urotropin  which 
are  capable  to  displace  NH^  from  the  salt  operate  in  the  same 
way.  The  decomposition  in  vacuum  in  the  open  vessel  gives 
sublimation  of  1. 

All  these  facts  are  helpful  in  elucidation  of  the 
decomposition  scheme  of  1  in  the  melt  (Fig.  5).  The  reactions 
(1)  and  (1*  )  comprise  respectively  the  main  and  side  route  of 
the  anion  primary  decay.  After  the  fast  transformation 
reactions  of  the  intermediate  products  the  equilibrium  (6)  is 
set.  As  its  consequence  N2  and  N2O  are  formed  in  the  equal 
amounts  by  (7)  and  (8).  The  reaction  (8)  inhibits  the 
catalysis  by  means  of  HNO^-  The  fast  chain  process  (9  -  11) 
simulating  a  first  order  reaction  exceeds  (1)  and  (1^)  and 
brings  the  reaction  to  the  end. 
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The  time  of  0.1%  decomposition  is  1  hour  at  98  °C  and  20  min 
at  105  °C. 


Decomposition  in  the  solid  phase. 

The  decomposition  in  the  solid  phase  possesses  many  features 
of  the  liquid-phase  decomposition  nearby  the  melting  point, 
but  stability  of  the  solid  1  is  significantly  higher,  than 
that  of  the  molten. 

Likewise  the  melt  one  mole  of  1  gives  about  1  mole  of  the 
gaseous  products:  N2O,  traces  of  NO.  The  share  of  N2 

ranges  from  10  to  30%  and  depends  on  sample  purity. 

The  reaction  takes  place  with  self-acceleration ,  though  the 
induction  periods  are  very  long.  At  80  ~  120  hours,  at 

60  °C  it  is  3  months.  That  is  why  the  catalytic  stage  is  not 
under  study. 

The  initial  stage  of  decomposition  with  the  constant  rate 

lasts  to  the  conversion  degree  of  0.05%.  The  examples  of  the 

3 

catalytic  curves,  gas  evolution  rates  (W,  sm  /G  hr)  and  times 
of  0.01  cm^/g  of  gaseous  products  evolution  at  40  -  80 

(Tq  are  shown  in  Figs  6  and  7.  For  the  temperature 

dependence  of  the  following  expression  has  been 

obtained : 

^^"^0.01 


=  -19.35  +  7353/T  hr 


(2)  . 
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The  activation  energy  of  the  solid  1  decomposition  is  equal  to 
33.6  kcal/mol,  that  is  close  to  From  the  correlation 
between  equation  (1)  and  (2)  it  follows,  that  solid-phase  1  is 
50  times  more  stable,  than  the  molten  as  regards  the  initial 
rates . 

The  solid-phase  decay  does  not  reveal  evidence  of  salt 
dissociation  to  ammonium  and  acid.  In  particular,  ammonium  and 
strong  bases  like  uropropin  do  not  influence  the  initial 
decomposition  rate  of  pure  1. 

Water  and  ammonium  nitrate  admixtures  strongly  affect 
stability  of  solid  1.  Both  these  substances  form  with  1  the 
eutectics  having  the  approximate  composition  of  40%  admixture 
/  60%  1.  The  melting  point  of  the  eutectics  with  NH^NO^  is  60 
°C,  with  water  it  is  about  15  °C.  The  rates  of  1 
decomposition  in  the  saturated  aqueous  solution  and  in  the 
liquid  eutectics  with  ammonium  nitrate  are  described  with 
equation  (1),  that  is,  they  are  equal  to  the  decay  rate  of 
molten  1.  Water  and  ammonium  nitrate  are  chemically  inert  to 
1,  but  affect  its  decay  by  the  mechanism  of  melting.  Thus,  at 
80  °C  one  part  of  NH^NO^  melts  with  6  parts  of  1,  and  in  one 
part  of  H2O  twenty  parts  of  1  are  dissolved.  On  addition  of 
0.5%  of  nitrate  the  stability  of  1  should  decrease  2.5  times. 
The  calculation  agrees  well  with  the  experiment  (Table).  Water 
effect  manifests  itself  only  at  the  water  content  more,  than 
0.5%.  At  a  less  content  water  stays  in  the  adsorbed  state  and 
does  not  form  its  own  phase.  At  80  the  stability  of  1  with 
0.5  and  1.0%  of  water  differs  6  times. 
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Equation  (2)  was  obtained  for  the  samples  of  1  having  H^O 
0.4%,  ammonium  nitrate  -  0.5%. 

Abnormal  decay. 

A  unique  phenomenon  named  the  "abnormal  decay"  has  been 
discovered  at  decomposition  of  1.  The  essence  of  it  is  that 
severely  dried  samples  of  1  have  the  initial  decomposition 
rate  at  60  °C  significantly  higher,  than  at  80  °C  and 
thousands  times  exceeding  that  of  the  moistened  sample  (Fig. 
8).  At  the  temperatures  below  60  °C  the  decomposition  proceeds 
with  higher  rates  and  smaller  activation  energy,  than  the 
moistened  samples  have  (Fig.  9).  The  transition  boundary  to 
the  abnormal  decay  is  approximately  0.2%  H2O.  The  abnormal 
decay  takes  place  mainly  on  the  surface  and  crystal  defects. 
Its  rate  depends  on  the  degree  of  drying.  Water  vapors,  as  a 
rule,  strongly  inhibit  the  abnormal  decay. 

To  explain  the  phenomenon  of  "abnormal  decay"  the  existence  of 
two  modifications  of  1  differing  in  structure  and  anion 
stability  was  assumed.  However  this  hypothesis  is  not 
rigorously  proved. 

To  prevent  the  abnormal  decay  it  is  necessary  to  conduct  the 
soft  drying  and  to  control  the  moisture  content  in  storage. 
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Conclusions 

1.  The  initial  decomposition  of  1  proceeds  via  monomolecular 
breaking  N  -  N  bond  in  anion.  In  the  melt  the  salt 
dissociation  to  ammonium  and  acid  plays  a  definite  part. 

2.  The  stability  of  1  in  the  molten  state  is  not  high.  It  is 
possible  to  handle  1  in  isothermal  conditions  at  the 
temperatures  up  to  100  °C  for  1  hour. 

3.  The  stability  of  1  in  the  solid  state  is  high  enough  to 
conduct  technological  processes  at  60  -  70  °C.  Long  -  term 
storage  is  possible  at  20  -  25  °C . 

4.  Dried  samples  of  1  with  the  water  content  less,  than  0.2% 
show  the  abnormal  behavior  in  the  decay,  that  is:  the 
Arrhenius  dependence  of  the  rate  is  violated,  at  60  the 
solid-phase  decay  proceeds  faster,  than  in  the  melt  at  100  °C. 
Abnormal  samples  are  unstable.  To  avoid  the  abnormal  decay  it 
is  necessary  to  control  the  moisture  of  1. 
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Fig.  5 


MECHANISM  OF  DECOMPOSITION  IN  THE  LIQUID  PHASE 


NH^N(N02)2 


NNO.,  +  NHT 
2  4 


NH^  +  NNO2  +  NO2 

NH^  +  HN(NO.,)., 

3  I  2  2 

HNO3  +  N2O 
HNNO2  +  NH3 


HNNO2  OH  +  N2O 


OH  +  NH, 


NH2  +  H2O 


NH2  +  NO2 


NH2NO2 


H2O  +  N2O  (5) 


2NO2  +  H2O 


HNO2  +  HNO^ 


NH^  +  HNO2 


N2  +  2H2O  +  H 


HNO^  +  NH^N(N02)  ==  HN(N02)2  +  NH^N03  (8) 


HNO3  +  N2O 


N2O4  (£) 


NO  +  NO, 


NO  +  N(NO, 


ON  -  N  —  NO, 


N2O  +  2NO2 


I 


abnormal  decay  of  an  ADN  sample  with  the  moisture  content  of 


0.4%  H^O,  60  °C; 
0.05%  HgO,  80  °C; 
0.05%  HO,  60  ^C. 
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ABBRANDEIGENSCHAFTEN  VON  VERZOGERUNGSSATZEN 
AUF  DER  BASIS  VON  BLEIOXID/SILICIUM 


Dirk  Cegiel 

NICO-PYROTECHNIK,  Hanns-Jurgen  Diederichs  GmbH  &  Co.  KG,  Trittau,  FRG 


Abstract 

This  paper  presents  the  properties  of  combustion  in  silicon-red  lead  delay  compo¬ 
sitions.  Factors  influencing  the  burning  rate,  the  burning  behaviour  and  the 
mechanical  sensitivity  are  described.  This  factors  are  the  fuel/oxidant  ratio,  silicon 
particle  size  and  the  content  of  kieselguhr  and  binder.  The  relationship  between 
burning  rate,  burning  behaviour  and  mechanical  sensitivity  will  be  discussed. 


1  Einleitung 

Verzogerungssatze  auf  der  Basis  von  Bleioxiden  und  Silicium  werden  seit  mehr  als 
50  Jahren  eingesetzt  und  haben  groBe  Bedeutung  in  vielen  pyrotechnischen  Verzb- 
gerungen  erlangt.  Grunde  hierfur  sind  unter  anderem  die  Bildung  einer  festen 
Schlacke,  welche  die  Wirkung  eines  "Gasschlosses"  hat  [1]  und  die  gute  Alterungs- 
bestandigkeit  bei  hoher  relativer  Luftfeuchtigkeit  [2]. 

Ziel  dieser  Arbeit  ist  es,  die  EinfluBgroBen,  welche  die  Abbrandeigenschaften  des 
Satzsystems  Blei(ll,IV)-oxid/Silicium  beeinflussen,  zu  erfassen  und  Abhangigkeiten 
aufzuzeigen.  Die  betrachteten  Eigenschaften  sind  neben  der  Verzbgerungszeit  die 
Abbrandcharakteristik  und  die  mechanische  Sensibilitat. 
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2  Einfluf3gr63en  auf  die  Verzogerungszelt 

2-1  Experimentelles 

Die  Verzogerungszelt  der  einzelnen  Satze  wird  im  offenen  Abbrand  ermittelt. 
Hierzu  wird  der  Satz  in  Messingrdhrchen  (dj  =  3,9  mm,  dg  =  6,0  mm,  I  =:  19  mm) 
mit  einem  Druck  von  238  MPa  verpreOt.  Die  Lange  der  Satzsaule  betragt  18  mm. 
Die  Ladedichte  iiegt  in  Abhangigkeit  von  der  Satzzusammensetzung  zwischen  2,14 
und  4,58  g/cm^.  Die  so  hergestellten  Verzdgerungsstucke  werden  mit  einem  elek- 
trischen  Bruckenzunder  angezundet.  Gekoppelt  mit  dem  AnzOndimpuls  wird  ein  elek- 
tronisches  Zahlwerk  gestartet,  welches  nach  dem  Durchbrennen  der  18  mm  langen 
Verzdgerungsstrecke  uber  eine  Photodiode  gestoppt  wird. 


2.2  EinfluO  des  Mischunqsverhaltnisses  Bleini.lV)-oxid/Silicium 

Die  Verzogerungszeiten  sind  fur  Mischungsverhaltnisse  von  40:60  bis  90:10  Gew.% 
Pba 04/Si  nach  der  in  Abschnitt  2.1  beschriebenen  Methode  ermittelt  worden.  Das 
verwendete  Pb304  hat  eine  Reinheit  von  96  %  und  eine  mittlere  KorngroOe  von  2,2 
/ym.  Die  Reinheit  des  Siliciums  betragt  98  %,  die  mittlere  KorngrdBe  Iiegt  bei  2,7  ^m. 
Die  beiden  Substanzen  wurden  unter  Sicherheit  trocken  gemischt.  In  Abbildung  1  ist 
die  Abhangigkeit  der  Verzogerungszeit  vom  Michungsverhaltnis  Pb304/Si  darge- 
stellt,  Aufgetragen  ist  die  Verzogerungszeit  gegen  den  Siliciumgehalt. 
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Abb.  1.  Verzogerungszeit  der  18  mm  langen  Satzsauie  als  Funktion  des  Si-Gehaltes 
in  der  Mischung.  Die  aufgetragene  Verzogerungszeit  ist  der  Mittelwert  aus  vier 
Messungen. 

Man  erkennt,  daB  die  Verzogerungszeit  bei  einem  Si-Gehalt  von  35  Gew.%  ein 
Minimum  durchlauft.  Die  Schwankungen  in  der  Brennzeit  sind  zwischen  30  und  40 
Gew.%  Si  am  geringsten.  Die  verpreBte  Mischung  mit  einem  Si-Gehalt  von  60  Gew.% 
laBt  sich  mit  Hilfe  eines  BruckenzCinders  nicht  mehr  anzunden. 


Untersuchungen  des  Verzbgerungssatzes  Pb304/Si  im  geschlossenen  System 
(Messung  der  Verzogerungszeit  in  sprengkraftigen  Miliisekundenzundern)  ergaben 
gleichartige  Kurvenverlaufe  [3]. 

Interessant  ist,  daB  die  groBte  Abbrandrate  (in  cm/s  und  g/s)  bei  einem  Si- 
Gehalt  von  35  Gew.%  liegt,  obwohl  die  groBte  Reaktionsenthaipie  bei  einem  Gehalt 
von  7,6  Gew.%  Si  gemessen  wird  [4,  5].  7,6  Gew.%  Si  werden  bei  der  stbchiometri- 
schen  Umsetzung  von  Pb304  und  Si  zu  Si02  und  Pb  benbtigt.  Warum  die  maximale 
Abbrandrate  und  die  maximale  Reaktionsenthaipie  bei  derail  unterschiedlichen  Si- 
Gehalten  liegen,  ist  moglicherweise  auf  die  Passivierung  der  Si-Oberflache  durch  das 
gebildete  Si02  zuruckzufuhren.  Die  Bildung  von  Si02  auf  einer  Si-Oberflache  wird 
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Stark  herabgesetzt,  sobald  sich  eine  wenige  Nanometer  dicke  Schicht  von  Si02  ge- 
bildet  hat  [6], 


2.3  EinfluB  der  KornaroBe  des  Siliciums 

Eswurden  drei  unterschiedliche  Silicium-Typen  mit  gleichem  Si-Gehalt  (98  Gew.%  Si) 
aber  unterschiedlichen  KorngroBenverteiiungen  untersucht.  Die  KorngroBenverteilung 
wurde  mittels  Laserbeugung  bestimmt.  Die  Summenkurven  der  KorngroBen  fur  die 
drei  untersuchten  Si-Typen  sind  in  Abbildung  2  dargestellt. 
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Abb.2.  Summenkurven  der  KorngroBen  der  drei  untersuchten  Si-Typen. 

Mittlere  KorngroBen:  2,7  pm  (1),  10,5  pm  (2),  21,4  pm  (3) 

Von  den  drei  Si-Typen  wurden  Verzogerungssatze  mit  der  Zusammensetzung 
75  Gew.%  Pb304/25  Gew.%  Si  hergestellt  und  die  Verzogerungszeiten,  wie  in  Ab- 
schnitt  2.1  beschrieben,  bestimmt.  In  Abbildung  3  1st  die  Verzbgerungszeit  In  Ab- 
hangigkeit  von  der  mittleren  KorngrbBe  des  Siliciums  dargestellt.  Auf  den  EinfluB  des 
Binders  wird  in  Abschnitt  2.5  noch  naher  eingegangen. 
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Abb.  3.  a)Abhangigkeit  der  Verzogerungszeit  von  der  KorngrbBenverteilung  des 
Siliciums.  -  b)  EinfluB  des  Binders  (Fluor-Elastomer)  auf  die  Verzogerungszeit. 
Mischungsverhaltnis  Pb304/Si  75:25  Gew.%. 

Man  erkennt,  daR  die  Verzogerungszeit  nicht  direkt  proportional  zur  mittleren 
KorngroRe  des  Siliciums  ist.  Die  Abhangigkeit  der  Verzogerungszeit  von  der 
KorngroRe  nimmt  mit  zunehmender  KorngoRe  zu. 

Geht  man  davon  aus,  daR  mit  abnehmender  KorngroRe  die  spezifische  Oberfla- 
che  des  Siliciums  zunimmt,  so  ist  der  gleiche  Zusammenhang  auch  von  [3]  beobach- 
tet  worden.  So  ist  die  Verzogerungszeit  bei  spezifischen  Si-Oberflachen  von  >  2 
m2/g  nicht  mehr  von  der  GroRe  der  Oberflache  des  Siliciums  abhangig.  Hingegen  be- 
steht  ein  linearer  Zusammenhang  zwischen  Verzogerungszeit  und  Oberflache  bei 
einer  spezifischen  Oberflache  <  0,25  m^/g.  Erklart  wird  dieses  Verhalten  mit  einer 
unterschiedlichen  Reaktionskinetik  bei  groRen  bzw.  kleinen  spezifischen  Oberflachen. 


2.4  EinfluR  von  Kieselaur  im  Satzsvstem  Blei(IUV)-oxid/Silicium 

In  Mischungen  aus  75  Gew.%  Pb304/25  Gew.%  Si  (mittlere  KorngroRe  des  Si:  2,7 
;;m)  wurden  zusatzlich  3  und  6  Gew.%  Kieselgur  homogen  untergemischt.  Die  Ver- 
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zogerungszeiten  wurden,  wie  im  Abschnitt  2.1  beschrieben,  bestimmt.  In  Abbildung 
4  ist  die  Verzdgerungszeit  gegen  den  Zusatz  an  Kieselgur  aufgetragen. 


Abb.4.  a)  Verzdgerungszeit  als  Funktion  des  Zusatzes  an  Kieselgur,  -  b)  EinfluR  des 
Binders  (Fluor-Elastomer)  auf  die  Verzdgerungszeit, 

Mischungsverhaltnis  Pb304/Si  75:25  Gew.%. 

Man  erkennt,  daR  sich  durch  den  Zusatz  von  6  Gew.%  Kieselgur  die  Verzdgerungs¬ 
zeit  urn  ca.  50  %  verlangert.  Dieses  gilt  jedoch  nur  fur  die  Satze,  die  keinen  Binder 
enthalten. 


2.5  EinfluR  des  Binders 

In  den  Abbildungen  3  und  4  ist  zusatzlich  zu  den  schon  besprochenen  EinfluRgrdBen 
der  EinfluR  eines  Binders  dargestellt.  Als  Binder  wurde  ein  Fluor-Elastomer  in  einer 
Konzentration  von  <  0,7  Gew.%  eingesetzt. 

Der  EinfluR  des  Fluor-Elastomer  im  Satzsystem  Pba 04/Si  ist  in  Abbildung  3  dar¬ 
gestellt.  Bei  einer  mittleren  KorngrdRe  des  Siliciums  von  21,4  fjm  bewirkt  der  Binder 
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eine  Verlangerung  der  Verzogerungszeit  um  ca.  12  %.  In  den  Satzen,  welche  aus 
den  feineren  Si-Typen  hergestellt  wurden,  wirkt  sich  der  Binder  nur  unwesentlich  auf 
die  Verzdgerungszeit  aus. 

In  Abbildung  4  ist  der  EinfluB  des  Fluor-Elastomers  im  Satzsystem 
Pb304/Si/Kiese!gur  dargestellt.  Man  erkennt,  daB  die  durch  den  Zusatz  des  Kiesel- 
gurs  bedingte  Herabsetzung  der  Umsetzungsgeschwindigkeit  durch  die  Anwesenheit 
kleiner  Mengen  eines  Fluor-Elastomers  kompensiert  wird. 

Ein  Vergleich  der  Abbildungen  3  und  4  in  Bezug  auf  den  EinfluB  des  Binders  er- 
gibt,  daB  die  erzielte  Wirkung  im  Satzsystem  Pb304/Si  unterschiediich  von  der  im 
Satzsystem  Pb304/Si/Kieselgur  ist.  Einer  Herabsetzung  der  Umsetzungsgeschwin¬ 
digkeit  im  System  Pb304/Si  steht  eine  Steigerung  im  System  Pb304/Si/Kieselgur 
gegenuber.  Eine  Erklarung  hierfur  liegt  in  den  stattfindenden  Reaktionen  des  Siliciums 
und  des  Kieselgurs  (amorphes  Si02)  mit  dem  Fluor-Elastomer.  Oberhalb  von  350  °C 
zersetzen  sich  Fluorpolymere  unter  Bildung  von  Fluorwasserstoff  [7],  Zum  einen  fin- 
det  im  Satzsystem  Pb304/Si  eine  Fluoroxidation  des  Siliciums  statt,  zum  anderen 
reagiert  im  Satzsystem  Pb304/Si/Kieselgur  das  SiOa  mit  dem  HF  zu  SiF4. 

Die  exotherme  Reaktion,  welche  durch  die  Reaktion  des  Fluor-Elastomers  her- 
vorgerufen  wird.  ist  mit  Hilfe  der  Differentialthermoanalyse  (DTA)  gut  identifizier- 
bar.  Die  DTA  ist  mit  einer  Probenmenge  von  50  mg  und  einer  Aufheizrate  von  10 
°C/min  in  Luft  durchgefuhrt  worden.  Neben  den  bekannten  Reaktionen  [4,  5]  bei 

530-600  °C:  2  Pb304  ^  6  PbO  -t-  O2  (590  '“C) 

Si  +  O2  ^  Si02 
2  PbO  +  Si  ^  Si02  -I-  2  Pb 
625-670  °C:  2  Pb  -1-  O2  ^  2  PbO 

755-788  °C:  PbO  +  x  Si02  Pb0/xSi02 

tindet  eine  exotherme  Reaktion  zwischen  300  und  370  °C  statt. 
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3  Abbrandcharakteristik 

Neben  der  gut  meBbaren  Brennzeit  einer  Verzogerung,  sind  andere  Abbrandeigen- 
schaften  weniger  gut  erfaBbar,  da  sie  sich  nicht  auf  einfache  meBbare  physikalische 
GrbBen  zurCickfuhren  lassen.  Zu  nennen  sind  hier; 

*  Anzundempfindlichkeit, 

Abbrandbild, 

*  Struktur  der  Schlacke. 

Die  genannten  GrbBen  beeinflussen  neben  der  Brennzeit  die  gesamte  Funktion  einer 
Verzogerung  und  sind  daher  von  groBer  Bedeutung.  Das  Problem  liegt  allerdings  in 
der  objektiven  Etfassung  und  der  anschlieBenden  Bevnertung  dieser  GrbBen.  So  ist 
die  Anzundempfindlichkeit  mit  Hilfe  eines  Gap-Testes  zu  ermitteln.  Das  Problem  liegt 
hier  im  Erzeugen  eines  definierten  Anzundstrahls.  Das  Abbrandbild  und  die  Struktur 
der  Schlacke  lassen  sich  visuell  beurteilen.  Die  Bewertung  ist  jedoch  immer  subjekti- 
ver  Natur  und  stark  von  der  Erfahrung  des  Betrachters  abhangig. 

Faktoren,  die  die  Abbrandcharakteristik  beeintiussen  sind: 

•  Satzzusammensetzung, 

KorngrbBenverteilung  der  Ausgangsstoffe, 

•  Binder, 

Zusatzstoffe  (z.B.  Kieselgur). 


Mit  Hilfe  dieser  Parameter  laBt  sich  die  Abbrandcharakteristik  beeinflussen  und  op- 
timieren.  Fine  Optimierung  der  Abbrandcharakteristik  bei  vorgegebener  Verzbge- 
rungszeit  und  fertigungstechnischer  Machbarkeit  ist  eine  sehr  komplexe  und  schwie- 
rige  Aufgabe.  Dieses  liegt  daran.  daB  die  Veranderung  jedes  Parameters  im  allge- 
meinen  sowohl  positive  als  auch  negative  Auswirkungen  hat  und  sich  alle  Parameter 
gegenseitig  beeinflussen.  Ein  Versuch  diese  Abhangigkeiten  aufzuzeigen.  wurde  je¬ 
doch  den  Rahmen  dieses  Vortrages  sprengen. 

Wie  wichtig  die  Optimierung  der  Parameter  ist,  wird  z.B.  bei  der  Abhangigkeit 
der  Verzbgerungszeit  und  deren  Streuung  von  der  Schlackenstruktur  deutlich.  So 
beeinfluBt  die  Porositat  und  der  Schmelzpunkt  der  Schlacke  den  VerschluB  der  Ver- 
zbgerung.  Da  in  Verzbgerungssystemen,  die  wie  Pb304/Si  nicht  gaslos  abbrennen, 
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eine  Abhangigkeit  der  Verzdgerungszeit  vom  Gasdruck  besteht  [1],  ist  der  Ver- 
schluR  der  Verzogerung  von  groBer  Bedeutung  [8].  In  offenen  Verzogerungssyste- 
men,  in  denen  der  VerschluB  nicht  durch  die  Bauart  vorgegeben  ist  (gasdichte  Ver- 
siegelung),  sondern  lediglich  durch  den  Grad  der  Verschlackung  bestimmt  wird,  ist 
die  Struktur  der  Schlacke  ausschlaggebend  fur  die  Funktion  der  Verzogerung. 


4  Mechanische  Sensibilitat 

Die  mechanische  Sensibilitat  ist  insbesondere  aus  fertigungstechnischer  Sicht  von 
grower  Bedeutung.  Sie  ist  auch  ein  Grund  dafur,  nach  Zusatzstoffen,  wie  z.B.  Kiesel- 
gur,  zu  suchen,  die  die  mechanische  Empfindlichkeit  beeinflussen. 


4.1  Experimentelles 

Zur  Beurteilung  der  mechanischen  Sensibilitat,  wurde  die  Reibempfindlichkeit  der 
schon  im  Kapitel  2  beschriebenen  Satze  bestimmt.  Die  Bestimmung  wurde  nach 
dem  in  Anhang  1  zum  SprengG  beschriebenen  Verfahren  durchgefuhrt.  Angegeben 
ist  jeweils  die  kleinste  Stiftbelastung  in  N,  welche  den  untersuchten  Satz  zur 
Reaktion  bringt. 


3.2  EinfluBaroBen  auf  die  Reibempfindlichkeit 

In  den  Abbildungen  5,  6  und  7  ist  der  EinfluB  der  Satzzusammensetzung,  der  Korn- 
groBe,  des  Binders  und  des  Kieselgurs  auf  die  Reibempfindlichkeit  dargestellt. 


Reibempfindlichkeit  [N] 


Abb.  5.  Abhangigkeit  der  Reibempfindlichkeit  von  der  Satzzusammensetzung 
Mittlere  KorngrbBe  des  Siliciums:  2,7  pm 


Abb.  6.  Abhangigkeit  der  Reibempfindlichkeit  von  der  KorngroBe  des  Siliciums  und 
dem  Zusatz  eines  Binders  (<  0,7  %  Fluor-Elastomer). 

Mischungsverhaltnis  PbaOz/Si;  75;25  Gew.% 
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Abb.  7.  Abhangigkeit  der  Reibempfindlichkeit  von  dem  Zusatz  an  Kieselgur. 
Mischungsverhaltnis  Pb304/Si:  75:25  Gew.% 

Bei  einer  Zusammensetzung  von  75  Gew.%  Pbs 04/Si  und  25  Gew.%  Si  hat  der  Satz 
die  groBte  Reibempfindlichkeit  .  Bei  Verwendung  der  feinsten  Si-Type,  mit  einer  mitt- 
leren  KorngrbRe  von  2.7  ^m,  betragt  die  Gewichtskraft  auf  den  Reibstift  nur  10  N 
(s.  Abb.  5,  6).  Mit  der  Zunahme  der  KorngroBe  des  Siliciums  nimmt  die  Reibempfind¬ 
lichkeit  ab.  Im  Unterschied  zur  Abhangigkeit  der  Verzbgerungszeit  von  der  Korn- 
groBe  des  Siliciums  (s.  Abb.  3),  besteht  hier  ein  linearer  Zusammenhang. 

Das  als  Binder  eingesetzte  Fluor-Elastomer  wirkt  in  Bezug  auf  die  Reibempfind¬ 
lichkeit  als  Phlegmatisator  (s.  Abb.  6).  Ebenfalls  laBt  sich  die  Reibempfindlichkeit 
durch  den  Zusatz  von  Kieselgur  stark  herabsetzen  (s.  Abb.  7).  Die  Wirkung  des 
Binders  beruht  auf  seiner  elastischen  Eigenschaft.  Im  Fall  einer  homogenen  Vertei- 
lung,  laBt  sich  mit  sehr  geringen  Binderkonzentrationen  (<  0,7  Gew.%)  eine  Flerab- 
setzung  der  Reibung  zwischen  den  Partikein  untereinander  und  zwischen  den  Parti- 
keln  und  der  Materiaioberflache  erzielen.  Der  Grund  fur  die  Flerabsetzung  der  Reib¬ 
empfindlichkeit  durch  den  Zusatz  von  Kieselgur  beruht  wahrscheinlich  auf  Einlage- 
rungs-  und  Verdunnungseffekten.  Kieselgur  hat  ein  geringes  Schuttgewicht  (150  g/l) 
und  eine  sehr  groBe  Porositat.  3  bzw.  6  Gew.%  Kieselgur  ergeben  deshalb  in  der 
Volumenverteilung  einen  beachtlichen  Effekt. 


16  -  12 


Auch  durch  Schmiermittel,  wie  z.B.  Stearate  Oder  Graphit,  laBt  sich  die  Reib- 
empfindlichkeit  stark  herabsetzen.  Diese  Mittel  wirken  sich  allerdings  nachteilig  auf 
die  Abbrandcharakteristik  aus. 


5  Zusammenfassung 

Die  durchgefuhrte  Untersuchung  zeigt  die  Abhangigkeiten  der  Verzdgerungszeit, 
der  Abbrandcharakteristik  und  der  mechanischen  Sensibilitat  von  den  Parametern 
Satzzusammensetzung,  KorngroBenverteilung  der  Ausgangsstoffe,  Binder  und  Zu- 
satzstoffe  im  Satzsystem  Blei(ll,IV)-oxid/Silicium  auf. 

Bei  der  Betrachtung  der  Verzdgerungszeit  in  Abhangigkeit  von  der  Satzzusam¬ 
mensetzung  beobachtet  man  die  kleinste  Verzdgerungszeit  bei  einem  Si-Gehalt  von 
35  Gew.%.  Der  EinfluB  der  KorngrdBe  des  Silictums  nimmt  im  betrachteten  Bereich 
(mittlere  KorngrdBe  2,7-21,4  pm)  mit  zunehmender  KorngrdBe  zu.  Der  Zusatz  von 
Kieselgur  bewirkt  eine  Verlangerung  der  Verzdgerungszeit.  Das  gleiche  gilt  beim 
Verwenden  eines  Binders  (Fluor-Eiastomer)  im  Satzsystem  Pb304/Si.  Ein  entgegen- 
gesetztes  Verhalten  beobachtet  man  hingegen  im  Satzsystem  Pb304/Si/Kieselgur. 

Die  mechanische  Sensibilitat  wird  von  den  gleichen  Parametern  beeinfluBt.  Die 
grdBte  Reibempfindlichkeit  ergibt  sich  bei  einem  Si-6ehalt  von  25  Gew.%  und  gleich- 
zeitiger  Verwendung  der  feinsten  Si-Type.  Durch  den  Zusatz  von  Kieselgur  und/oder 
Verwendung  eines  elastischen  Binders  laBt  sich  das  Satzsystem  Pb304/Si  phlegma- 
tisieren. 

Mit  Hilfe  der  beschriebenen  Faktoren  laBt  sich  das  Satzsystem  Pb304/Si  beein- 
flussen  und  fur  die  jeweilige  Anwendung  optimieren.  Ziel  muB  es  sein,  die  Parameter 
so  festzulegen,  daB  sowohl  die  Funktion,  als  auch  die  fertigungstechnische  Machbar- 
keit  und  die  Handhabungssicherheit  des  Verzdgerungssatzes  und  des  Verzoge- 
rungselements  gewahrleistet  ist. 
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VERBESSERUNG  DER  ANZUNDEIGENSCHAFTEN 
VON  TREIBLADUNGSPULVERN  DURCH 
APPLIKATION  GEEIGNETER  MODERATOREN 

B.  Voaelsanaer.  E.  Bronnimann 

SM  Schweizerische  Munitionsunternehmung, 
CH-3602  Thun,  Schweiz 


Zusammentassung 

Moderne  Hochleistungs-Treibladungspulver  (TLP)  mit  stark  phlegmatisierter  Oberfla- 
che  sowie  TLP  mit  LOVA-Charakteristik  (low  vulnerability  ammunition)  zeigen  oft- 
mals  Probleme  bei  der  Anfeuerung.  Durch  Applikation  geeigneter  Moderatoren  auf 
die  Oberflache  des  Pulverkornes  kann  eine  deutliche  Verbesserung  der  Anfeuerung 
erreicht  werden. 

Diverse  Vertreter  aus  vier  verschiedenen  Stoffkiassen  (Oxidationsmittel,  Anzundsat- 
ze,  Katalysatoren  und  Sprengstoffe)  wurden  auf  ein  Hochleistungs-Mittelkaliber-TLP 
appliziert  und  in  der  Waffe  gepruft.  Einige  der  gepruften  Moderatoren  zeigten  eine 
signifikante  Anziindverbesserung.  Im  Falle  der  Oxidationsmittel  wurde  die  erzielte 
Wirkung  mit  den  Resultaten  von  thermoanalytischen  Untersuchungen  korreliert.  Die 
Kompatibilitat  dieser  Stoffe  mit  dem  TLP  wurde  ebenfalls  abgeklart. 


Abstract 

Modern  high-performance  propellants  (with  deterred  grain  surface)  as  well  as  LOVA- 
propellants  (low  vulnerability  ammunition)  tend  to  be  difficult  to  ignite.  The  ignition 
properties  of  such  propellants  may  be  significantly  improved  by  the  application  of 
suitable  surface  ballistic  modifiers. 

Several  substances  and  mixtures,  all  of  them  belonging  to  the  four  classes  oxidy- 
zers,  pyrotechnic  mixtures,  catalysts  and  high  energy  explosives,  have  been  appli- 
cated  to  the  surface  of  a  propellant  and  tested  in  a  medium-calibre  weapon  system. 
Some  of  the  modifiers  were  able  to  reduce  the  ignition  delay  time  significantly.  In 
case  of  the  oxidyzers,  the  improvement  in  performance  was  correlated  to  the  results 
of  thermoanalytical  investigations.  The  compatibility  of  the  modifiers  with  the  base 
propellant  was  investigated  as  well. 
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1.  Einleitunq 

Die  von  modernen  Treibladungspulvern  (TLP)  geforderten  Eigenschaften  wie  hohe 
Leistung  und  geringe  Empfindlichkeit  kdnnen  mittels  verschiedener  Methoden  er- 
reicht  werden,  z.B.  durch  (siehe  auch  Abbildung  1): 

•  Verwendung  neuer  Rezepturen  (z.B.  nitraminhaltige  TLP), 

•  Verwendung  neuer  Verfahren  (z.B.  EI-extruded-impregnated-TLP), 

•  Oberflachenbehandlung  /  Phlegmatisierung  konventioneller  TLP. 

Diese  Verbesserung  der  Produkteeigenschaften  muss  jedoch  zumeist  mit  einigen 
Nachteilen  erkauft  werden,  wie 

•  schlechte  Anzundung  des  TLP  beim  Beschuss  in  der  Waffe, 

•  ungunstiger  Druckexponent  [ubermasslge  Druckabhangigkeit  der  TLP-Brennge- 
schwindigkeit,  sodass  die  erhdhte  Leistung  in  der  Praxis  nicht  ausgenutzt  werden 
kann), 

•  Starke  Rohrerosion, 

•  starkes  Mundungsfeuer. 


Abbildung  1 :  Situationsanalyse  "neue  Anforderungen  an  TLP" 


Nebenbedingungen: 


Umweitvertraglichkelt  /  Stabilitat 
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Diese  unerwunschten  Nebeneffekte  kbnnen  durch  die  Applikation  geeigneter  Mode- 
ratoren  (Anzund-  und  Abbrandmoderatoren,  Rohrschoner  und  Feuerscheindampfer) 
zumindest  teilweise  kompensiert  werden.  Ein  Grossteil  der  zur  Zeit  international  ver- 
wendeten  Moderatoren  zeichnen  sich  jedoch  durch  schlechte  Umweltvertraglich- 
keit  (z.B.  Bleiverbindungen!)  Oder  durch  Inkompatibilitat  mit  den  neuen  TLP-Re- 
zepturen  aus.  Letzteres  hat  eine  verminderte  StabiUtat  und  damit  eine  Reduktion 
der  TLP-Lebensdauer  zur  Folge.  Weitere  Moderatoren  sind  stark  korrosiv  o6er  zei- 
gen  nur  ungenugende  Wirkung.  Somit  sind  viele  der  zur  Zeit  bekannten  Moderato¬ 
ren  fur  den  Einsatz  unter  den  heutigen  Rahmenbedingungen  nicht  Oder  nur  be- 
schrankt  tauglich.  Die  Entwicklung  neuer,  besser  geeigneter  und  umweitvertraglicher 
Moderatoren  sowie  die  entsprechende  Konfektionierung  in  das  TLP-System  ist  somit 
fur  die  Zukunft  der  TLP-Produktion  von  essentieller  Bedeutung. 

Problematik  ungenugende  Anzundung: 

Insbesondere  moderne  Hochleistungs-Treibladungspulver  (TLP)  mit  stark  phlegma- 
tisierter  Oberflache  sowie  TLP  mit  LOVA-Charakteristik  (low  vulnerability  ammuni¬ 
tion)  zeigen  oftmals  Probieme  bei  der  Anfeuerung.  Dies  aussert  sich  durch  das  Auf- 
treten  von  Zundverzugen  sowie  durch  einen  unvollstandigen  Abbrand  des  TLP. 
Letzteres  fuhrt  zu  einer  Reduktion  des  thermischen  Wirkungsgrades. 

Aus  der  Kugeipulverherstellung  ist  bekannt,  dass  durch  das  Aufpolieren  von  Kalium- 
nitrat  auf  die  Oberflache  des  Pulverkornes  eine  deutliche  Verbesserung  der  Anfeu¬ 
erung  erreicht  werden  kann.  Durch  diese  Substanz  wird  jedoch  die  Stabilitat  (und 
damit  die  Lebensdauer)  des  TLP  betrachtlich  reduziert. 

Im  Mittelkaliberbereich  hat  sich  Kaliumperchlorat  als  sehr  wirkungsvoller  Anzundmo- 
derator  erwiesen.  Die  beim  Abbrand  dieser  Substanz  freiwerdende  Salzsaure  fuhrt 
jedoch  zu  starker  Korrosion  in  der  Waffe,  was  eine  Verwendung  von  Kaliumperchlo¬ 
rat  in  der  Praxis  ausschliesst. 

Die  vorliegende  Arbeit  beschreibt  die  Suche  nach  neuen,  geeigneten  Anzundmode- 
ratoren. 
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2.  Anforderungsprofil  und  Losungsansatze 

An  den  gesuchten  Anzundmoderator  werden  folgende  Bedingungen  gestellt: 

Hauptbedingung:  Verbesserung  der  Anzundung.  Der  Moderator  soil  uber  den 
gesamten  Temperaturbereich  von  -50  °C  bis  +70  °C  die  Anzundung  deutiich  verbes- 
sern  (Verkurzung  der  Zundverzogerungszeit  t2).  Weiter  sollen  im  gleichen  Tempera- 
turbereich  auch  bei  Unterladung  Anzundverzuge  verhindert  werden. 

Nebenbedingung  1:  Stabilitat  /  Kompatibilitat.  Der  Moderator  dart  die  Stabilitat 
des  TIP  nicht  Oder  nur  unwesentlich  verschlechtern.  Zudem  muss  der  Moderator  an 
sich  auch  stabi!  sein,  d.h.  er  sol!  sich  bei  der  Lagerung  nicht  chemisch  verandern. 

Nebenbedingung  2:  Umweltvertraglichkeit  Der  Moderator  dart  keine  Oder  nur 
eine  geringe  Human-  und  Umweittoxizitat  aufweisen. 

Nebenbedingung  3:  keine  Korrosion  in  der  Waffe.  Der  Moderator  dart  beim  Ab- 
brand  keine  korrosiven  Produkte  bilden. 

Nebenbedingung  4:  vertretbarer  Preis.  Die  Verwendung  eines  Moderators  durfte 
ab  einem  Kilopreis  von  ca.  500  US-Dollar  unwirtschaftlich  werden. 

Eine  potentielie  Anzundverbesserung  ist  insbesondere  von  den  foigenden  vier  Sub- 
stanzklassen  (bzw.  Mischungen)  zu  erwarten: 

Ox/daf/onsn?/ffe/:  Aufgrund  der  guten  Anzundmoderation  von  Kaliumperchlorat  und 
Kaliumnitrat  ist  die  Verwendung  von  anderen  Oxidationsmittein  naheliegend.  Als 
Oxidationsmittel  kommen  eine  grosse  Anzahl  von  anorganischen  Salzen  und  Oxiden 
in  Frage,  z.B.  Chlorate,  Perchlorate,  Nitrate,  Permanganate,  Chromate  und  Per¬ 
ch  ro  mate. 

Katalysatoren  bzw.  Abbrandmoderatoren:  Es  wurde  gezeigt,  dass  in  die  Pulver- 
matrix  eingearbeitete  Abbrandmoderatoren  nicht  nur  den  Abbrand,  sondern  auch  die 
Anzundung  beschleunigen.  Als  gebrauchlichste  Abbrandmoderatoren  geiten 
Schwermetallverbindungen  wie  Oxide  und  Salze  (Salicilate,  Resorcylate)  von  Cu,  Ni, 
Co,  Cr,  Pb  usw. 

Anzundsatze:  Fur  die  aus  der  Pyrotechnik  bekannten  Anzundsatze  [1-5]  vom  Typ 
Oxidationsmittel  +  Brennstoff  ist  ebenfalls  eine  anzundbeschleunigende  Wirkung  zu 
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erwarten.  Als  Brennstoffe  sollte  sich  Bor  besonders  eignen,  sind  doch  Kaliumnitrat  / 
Bor-Mischungen  fur  ihre  hervorragende  Anzundwirkung  (durch  entstehende  Gase, 
Dampfe  und  feste  Anteile)  bekannt  [6], 

Sprengstoffe:  Auch  solch  hochenergetische  Stoffe  kdnnten  eine  Abbrandbeschleu- 
nigung  bewirken. 


3.  Auswahl  der  Moderatoren,  Applikation  und  Prufunq 

Basierend  auf  dem  vorgangig  beschriebenen  Anforderungsprofil  und  weitergehen- 
den  Uberlegungen  wurde  ein  Beurteilungsschema  fur  potentielle  Anzundmoderato- 
ren  entwickelt.  Mil  Hilfe  dieses  Schemas  konnten  von  einigen  hundert  mdglichen  An- 
wartern  (Stoffe  und  Mischungen)  aus  den  vier  Klassen  ’’Oxidationsmittel",  "Katalysa- 
toren",  "Anzundsatze"  und  "  Sprengstoffe"  der  grdsste  Teil  bereits  aufgrund  von  Li- 
teraturdaten  Oder  Vorversuchen  ausgeschieden  werden. 

Die  aussichtsreichsten  40  Moderatoren  wurden  beschafft  Oder  selbst  hergestellt  und 
auf  die  Oberflache  eines  Mittelkaliber-TLP  aufpoliert.  Die  Prufung  erfoigte  durch  Be- 
schuss  in  einer  20  mm  Flugzeugabwehr-Kanone  bei  leichter  Unterladung.  Als  Mass 
fur  die  Anzundverbesserung  wurde  die  Zundverzdgerungszeit  t2  bei  Raumtempera- 
tur  gewahit. 

Ein  Beispiel  eines  Druck-Zeit-Diagrammes  (Druckverlauf  in  der  Patronenhulse  wah- 
rend  dem  Beschuss)  ist  in  Abbildung  4  gegeben.  Dabei  ist  die  Wirkung  der  Anzund- 
moderatoren  deutlich  ersichtlich:  Das  TIP  mit  dem  Moderator  auf  Sprengstoff- Basis 
zeigt  praktisch  den  gleichen  Verlauf  der  Kurve  wie  das  Referenzmuster  ohne  Mode¬ 
rator,  bis  auf  die  deutlich  kurzere  Reaktionszeit  (beide  TLP  bewirken  denn  auch 
praktisch  identische  Werte  fur  maximalen  Gasdruck  und  Geschossgeschwindigkeit). 
Das  TLP  mit  Kaliumperchlorat  zeigt  zwar  eine  noch  kurzere  Reaktionszeit,  dies  ist 
jedoch  verbunden  mit  einem  deutlich  starkeren  Druckanstieg  sowie  einem  uner- 
wunschten,  hoheren  Maximalwert  des  Gasdruckes.  Die  Zundverzdgerungszeit  t2  (zu 
dieser  Zeit  wird  10%  des  maximalen  Gasdruckes  erreicht)  ist  durch  das  erste  Kreuz 
der  jeweiligen  Kurve  gekennzeichnet. 
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Abbildung  2;  Druck-Zeit-Diagramm  von  TIP  ohne  und  mit  Anzundmoderatoren. 


4.  Innenballistische  Resultate 

Der  Einfluss  der  verschiedenen  Moderatoren  auf  die  Zundverzdgerungszeit  t2  ist  in 
Abbildung  3  dargestellt  (Hauptresultat  dieser  Untersuchung). 
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Abbildung  3:  Wirkung  der  Anzundmoderatoren 
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Oxidationsmittel:  Von  dieser  Gruppe  zeigte  Kaliumperchlorat  klar  die  starkste  An- 
zundverbesserung  -  die  Zundverzogerungszeit  t2  konnte  gegenuber  dem  Referenz- 
TLP  ohne  Anzundmoderator  um  bis  zu  35%  verkurzt  werden.  Eine  etwas  geringere 
Anzundbeschleunigung  zeigten  die  Nitrate  der  Alkalimetalle  {Kaliumnitrat,  Rubidium- 
nitratunb  Casiumnitrat).  Mit  Bariumnitrat  un6  Bleinitrat  konnte  nur  noch  eine  gering- 
fugige  Verbesserung  der  Anzundung  (ca.  25%  der  Wirkung  von  Kaliumperchlorat) 
erzielt  werden.  Alle  anderen  gepruften  anorganischen  Oxidationsmittel,  wie  Silber- 
nitrat,  Kaliumdichromat,  Kaliumchromat,  Bariumchromat,  Bleichromat,  Strontium- 
peroxid,  Bieiperoxid  ur\6  Blei-ll-IV-Oxid,  zeigten  bezuglich  Veranderung  des  Anzund- 
verhaltens  ein  praktisch  neutrales  Verhalten  (nur  sehr  schwache  Anzundverbesse- 
rung  Oder  gar  geringfugige  Verschlechterung  der  Anzundeigenschaften  des  TLP). 

Katalysatoren  bzw.  Abbrandmoderatoren:  Auf  die  Verwendung  der  bekannten 
bleihaltigen  Moderatoren  wurde  aufgrund  ihrer  hohen  Toxizitat  verzichtet.  Stattdes- 
sen  wurde  die  Wirkung  von  Nickelhydroxid,  Kupfer-ll-oxid,  Kupferchromit,  Mangan- 
IV-oxid,  Vanadiun-V-oxid  und  Molybdan-VI-oxid  gepruit.  Alle  diese  Stoffe  bewirken 
gemass  Literaturangaben  bei  nitraminhaltigen  TLP  eine  Abbrand-  und  zumindest 
teilweise  auch  eine  Anzundbeschleunigung  (bei  Einarbeitung  in  die  Pulvermatrix). 
Aufpoliert  auf  EI-TLP  fuhrten  jedoch  alle  diese  Substanzen  zu  einer  deutlichen  bis 
starken  Verschlechterung  der  Anzundwirkung. 

Anzundsatze:  Es  warden  TLP-Muster  mit  vier  verschiedenen  Anzundsatzen  gepruft, 
namlich  mit  Kaliumnitrat  /  Bor,  Bariumnitrat  /  Bor,  Bariumchromat  /  Bor  und  Stronti- 
umperoxid  /  Bor.  Die  Wirkung  dieser  auf  die  TLP-Oberflache  aufpolierten  Anzund¬ 
satze  war  eher  enttauschend.  Die  Anzundverbesserung  der  beiden  Satze  mit  Bor 
und  den  Oxidationsmittein  Kaiium-  bzw.  Bariumnitrat  entsprach  nur  15  -  25%  der 
Wirkung  von  Kaliumperchlorat.  Die  anderen  beiden  Satze  zeigten  gar  eine  klare 
Anzundverschlechterung. 

Sprengstoffe:  Demgegenuber  warden  mit  einigen  "Sprengstoffen"  sehr  gate  Resul- 
tate  erzielt.  Die  verschiedenen  unbehandelten  (S  1  -  S  4)  bzw.  oberflachenbehandel- 
ten  (S  5A  -  S  5H)  Sprengstoffe  zeigten  bei  21  °C  praktisch  durchwegs  eine  deutliche 
Verbesserung  der  Anzundwirkung  -  der  Effekt  erreichte  bis  zu  70  %  der  Wirkung  von 
Kaliumperchlorat.  Bei  den  Extremtemperaturen  -54  und  +71  °C  wurde  immer  noch 
eine  Anzundverbesserung  erzielt,  diese  war  jedoch,  verglichen  mit  dem  Beschuss 
bei  21  °C,  deutlich  geringer. 
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5.  Abkiarunaen  bezualich  der  Wirkungsweise  der  Anziindmoderatoren 

In  Falle  der  Oxidationsmittel  wurden  weitergehende  Abkiarungen  unternommen, 
mit  dem  Ziel,  die  Wirkungsweise  dieses  Moderatoren-Typs  besser  zu  verstehen. 

So  wurde  versucht,  die  Starke  der  Anzundbeschleunigung  auf  die  Einflussgrdssen 
"Ergiebigkeit"  und  "Verfugbarkeit"  der  Sauerstoffabgabe  zuruckzufuhren. 

Als  Mass  fur  die  Ergiebigkeit  wurde  die  Sauerstoff-Bilanz  der  Moderatoren  ver- 
wendet.  Die  Sauerstoffbilanz  ist  diejenige  Sauerstoffmenge  in  Gewichtsprozent,  die 
bei  vollstandiger  Umsetzung  des  Oxidationsmittels  frei  wird. 

Als  Mass  fur  die  Verfugbarkeit  zur  Sauerstoffabgabe  wurde  die  Zersetzungstem- 
peratur6er  Moderatoren  eingesetzt. 

Die  Werte  fur  Sauerstoffbilanz  und  Zersetzungstemperatur  wurden  aus  der  Literatur 
gesammelt  Oder  mit  Hilfe  der  Stochiometrie  berechnet.  Weiter  wurden  diese  Werte 
durch  eigene  thermoanalytische  Messungen  uberpruft:  Durch  Kombination  der  Re- 
sultate  aus  DSC-  (differential  scanning  calorimetry)  und  TG-  {thermogravimetry) 
Messungen  konnte  sowohl  die  Menge  des  abgespaltenen  Sauerstoffes  als  auch  der 
Temperaturbereich,  in  welchem  diese  Abspaltung  stattfindet,  bestimmt  warden. 

In  Abbildung  4  wurde  fur  die  als  Anzundmoderatoren  wirkenden  Oxidationsmittel  die 
Anzundbeschleunigung  (Verkurzung  der  Zundverzdgerungszeit  t2)  als  Funktion  der 
Sauerstoffbilanz  aufgetragen. 

Daraus  ist  eine  klare  Korrelation  zwischen  Sauerstoffbilanz  und  erzielter  An- 
zundverbesserung  ersichtlich. 

Weiter  konnte  auch  ein  klarer  Einfluss  der  Verfugbarkeit  des  Sauerstoffes  auf  die 
Anzundwirkung  gefunden  werden.  Substanzen  mit  tiefer  Sauerstoffbilanz  erreichen 
zwar  trotz  sehr  hoher  Verfugbarkeit  des  Sauerstoffes  (tiefe  Zersetzungstemperatur) 
kaum  eine  Anzundverbesserung.  Demgegenuber  vermag  eine  hohe  Zersetzungs¬ 
temperatur  die  Anzundwirkung  der  Oxidationsmittel  (selbst  bei  hoher  Sauerstoffbi¬ 
lanz)  stark  zu  reduzieren  Oder,  wie  z.B.  im  Falle  von  Vanadium-  und  Molybdanoxid, 
sogar  ganz  aufzuheben. 

Haupteinflussgrosse  fur  die  anzundverbessernde  Wirkung  von  Oxidations- 
mitteln  ist  somit  eindeutig  die  Sauerstoffbilanz.  Diese  Grdsse  bestimmt  das  Poten- 
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6.  Resultate  der  Stabilltatsuntersuchunqen 

Gemass  Nebenbedingung  1  darf  durch  das  Aufpolieren  des  Moderators  die  Stabilitat 
des  TLP  nicht  Oder  nur  unwesentich  verschlechtert  werden. 

Der  Einfluss  der  Moderatoren  auf  die  TLP-Stabilitat  wurde  durch  Messung  der  War- 
meproduktion  der  jeweiligen  TLP-Muster  im  Mikrokalorimeter  (MK)  bei  80°C  uber- 
pruft.  Neben  den  hier  verwendeten  Anzundmoderatoren  wurden  auch  noch  andere 
Substanzen,  hauptsachlich  Feuerscheindampfer,  getestet. 

Bekanntlich  vermdgen  stark  saure  Oder  basische  Substanzen  die  Verseifung  von 
Salpetersaureestern  (Nitrocellulose  Oder  Nitroglyzerin)  zu  katalysieren,  wobei  eine 
Starke  Beeintrachtigung  der  TLP-Stabilitat  zu  erwarten  ist.  Im  Folgenden  wurde  des- 
halb  versucht,  die  Stabilitatsverminderungen  der  Moderatoren  mit  den  jeweiligen  pH- 
Werten  zu  korrelieren.  So  wurde  in  Abildung  5  die  relative  Warmeproduktion  der 
TLP  mit  aufpoliertem  Moderator  im  MK  bei  80°C  gegen  den  pH-Wert  der  5%igen 
wassrigen  Ldsung  des  entsprechenden  Moderators  aufgetragen.  Diese  Auswertung 
erbrachte  folgende  Resultate; 

-  Erwartungsgemass  zeigten  alle  alkalischen  Substanzen  mit  pH-Werten  uber  8 
eine  deutliche  Reduktion  der  TLP-Stabilitat. 

-  Demgegenuber  zeigten  die  sauren  Additive  nur  eine  geringe  bzw.  uberhaupt  kei- 
ne  Reduktion  der  TLP-Stabilitat. 

-  Die  meisten  der  neutralen  Substanzen  (pH-Werte  5-7)  ergaben  erwartungsge¬ 
mass  keinen  signifikanten  Einfluss  auf  die  TLP-Stabilitat.  Lediglich  die  TLP  mit 
aufpolierten  Alkalimetall-Nitraten  sowie  mit  Kaliumfluorid  (und  in  etwas  gerin- 
gerem  Masse  auch  mit  Kaliumaluminiumffuorid)  zeigten  stark  erhdhte  Warme- 
werte  im  MK.  Die  unerwunschte  Stabilitatsverminderung  durch  diese  Substan¬ 
zen  (Alkalimetall-Nitrate  und  -Fluoride)  ist  zwar  schon  seit  langem  bekannt  -  bis 
jetzt  konnte  unseres  Wissens  jedoch  noch  keine  befriedigende  Erkiarung  fur  die- 
sen  Effekt  gefunden  werden. 


W3rmerate  q  /  qO 
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Abbildung  5:  Relative  Warmeproduktion  der  TLP  im  Mikrokalorimeter  (80°C)  in  Funktion  des 
pH-Wertes  des  aufpolierten  Moderators. 
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7.  Resultatezusammenfassunq  und  Diskussion 

Von  den  anorganischen  Oxidationsmittein  zeichneten  sich  nur  Kaliumperchlorat 
sowie  die  Nitrate  der  Alkalimetalle  durch  eine  brauchbare  Anzundbeschleunigung 
aus.  Diese  Moderatoren  zeigen  jedoch  eine  stark  korrosive  Wirkung  bzw.  eine  Star¬ 
ke  Reduktion  der  TLP-Stabilitat  und  sind  deshalb  in  der  Praxis  nicht  anwendbar. 

Die  Anzundsatze  zeigten  nur  eine  beschrankte  Anzundverbesserung,  wahrend  die 
gepruften  Abbrandmoderatoren  (Katalysatoren)  die  Anzundung  gar  verschlechter- 
ten.  Auch  diese  Stoffe  scheiden  fur  den  praktischen  Einsatz  aus. 

Demgegenuber  konnte  unter  den  Testbedingungen  mit  einigen  Sprengstoffen  auf 
Anhieb  eine  signifikante  Anzundverbesserung  bei  unverminderter  Stabilitat  erzielt 
warden.  Leider  Ness  sich  diese  Anzundverbesserung  im  tiefen  und  im  hohen  Tempe- 
raturbereich  sowie  in  anderen  Waffensystemen  nur  beschrankt  reproduzieren. 

Im  Bereich  dieser  Explosivstoffe  liegt  sicherlich  ein  Potential  zur  Anzundverbesse¬ 
rung  und  eventuell  auch  zur  Leistungssteigerung  des  TIP.  Bis  zur  praktischen  An- 
wendung  solcher  Stoffe  als  Anzundmoderatoren  sind  jedoch  noch  unzahlige  Abkla- 
rungen  und  Entwicklungsarbeiten  vorzunehmen. 
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ABSTRACT 

A  description  is  given  of  results  obtained  in  four  experimental  studies  on  the  laser 
initiation  of  a  variety  of  energetic  materials.  The  studies  ranged  from  being  application 
oriented  to  being  more  fundamental.  The  energetic  materials  and  their  conditions 
included  powders  and,  where  appropriate,  crystals:  the  secondary  explosives  RDX 
(cyclotrimethylene  trinitramine),  TNT  (trinitrotoluene),  TNB  (trinitrobenzene),  tetryl 
and  picric  acid;  the  secondary /primary  PETN  (pentaerythritol  tetranitrate)  explosive; 
the  pyrotechnic  Mg  Teflon  Viton;  and,  the  propellant  oxidizer  ammonium  perchlorate. 
The  experiments  consisted  of:-l)Laser  initiated  detonation  of  energetic  material 
powders  for  safer  detonation  of  explosives;  2)Laser  ignition  of  energetic  crystals  relating 
to  combustion  of  propellant  compositions;  3)Laser  initiation  of  energetic  crystals  for 
investigation  of  'hot  spot'  origins;  and,  4)Laser  initiation  for  comparative  energy 
densities  and  beam  dimensions  for  ignition  of  different  energetic  materials. 
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1)  LASER  INITIATED  DETONATOR 

Introduction 


The  basic  principle  of  a  laser  initiated  detonator  is  shown  in  fig.  1.  An  explosive  charge 
is  set  into  ignition  by  irradiating  it  with  a  high  energy  density  laser  pulse  emitted  from  a 
laser  diode  and  is  transferred  to  the  explosive  by  means  of  an  optical  fibre. 


OPTICAL  FIBRE 


FIG.  1 

Principle  of  a  Laser  Initiated  Detonator 


Such  a  system  has  an  increased  level  of  safety  compared  with  traditional  electrically 
initiated  detonators.  This  is  due  to  the  fact  that  in  electrically  ignited  systems,  potential 
hazards  arise  from  electrostatic  discharges,  currents  induced  in  bridgewire  circuits  by 
sources  of  radiofrequency  energy,  and  lightning.  In  addition  there  is  some  variability 
because  of  the  bridgewire  resistance-after-fire.  Laser  initiated  detonator  systems  have 
not  been  fully  developed  yet,  though  research  on  their  functioning  has  been  ongoing 
from  the  late  1980's  till  now.  Research  results  obtained  at  the  Cavendish  Laboratory 
relate  to  the  application  described  here  [1].  The  explosive  charge  studied  was  PETN 
(pentaerythritol  tetranitrate).  Different  physical  parameters  such  as  explosive  grain  size, 
percentage  of  added  carbon  and  aluminium  dopants  and  explosive  compaction,  were 
varied  to  find  the  optimum  explosive  charge  conditions  for  laser  initiation  i.e.  the 
conditions  at  which  the  laser  energy  density  for  initiation  was  a  minimum. 
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Summary  of  Results 

A  non-Q  switched  Nd/ glass  laser  (1064  nm)  was  used  to  irradiate  ~  15  mg  of  PETN 
explosive  powders  confined  within  an  orifice  1  mm  in  depth  and  5  mm  in  diameter,  in  a 
PMMA  block.  The  PETN  had  been  crystallized  in  the  laboratory  for  increased 
crystalline  perfection.  A  He/Ne  laser  was  used  to  align  the  samples  with  the  laser  beam. 
The  threshold  energy  is  the  value  of  laser  energy  at  which  the  PETN  is  first  observed  to 
ignite.  Figs.  2  and  3  show  the  plots  of  threshold  energy  density  as  a  function  of  the 
percentage  carbon  and  aluminium  doping  for  different  grain  sizes  of  explosive. 


%  carbon 
Fig.  2 

Laser  Threshold  energy  density  as  a  function  of  percentage  weight  carbon  doping 

Activated  carbon  was  used  where  the  individual  particle  sizes  were  ~  1  pm,  with 
clumping  occurring  to  produce  larger  particles  ~  10  pm  in  diameter.  The  aluminium 
consisted  of  flakes  about  50  x  50  pm  in  size  and  a  few  pm  in  thickness.  From  curves 
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fitted  to  the  measurements  it  has  been  found  that  the  threshold  energy  ~  Cr^,  where  C 
and  n  are  constants  and  n  ~  2/3.  This  is  believed  to  be  indicative  of  a  surface  area  to 
volume  ratio  burning  dependency  of  the  single  explosive  grains.  The  smaller  the 
explosive  grain  size,  the  lower  is  the  threshold  energy  density,  though  the  strength  of 
the  induced  combustion  or  reaction  is  reduced,  thus,  reducing  the  chance  of  a 
deflagration-to-detonation  transition.  Increasing  the  percentage  of  carbon  and 
aluminium  doping  to  an  optimum  value  reduces  the  threshold  energy  for  ignition. 
Carbon  has  been  found  to  be  a  more  efficient  dopant  than  aluminium. 


Fig.  3 

Laser  Threshold  energy  density  as  a  function  of  percentage  weight  A1  doping 

The  results  summarized  here,  characterized  the  optimum  explosive  powder  conditions 
for  initiation  in  a  laser  detonator  system.  Threshold  energy  densities  have  also  been 
measured  as  a  function  of  the  compaction  pressure  for  3.5  %  carbon  doping  and  two 
different  grain  sizes,  as  shown  in  fig.  4.  The  smaller  grain  size  explosive  is  more 
susceptible  to  the  applied  pressure  and  this  can  be  attributed  to  a  better  packing  of 
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small  grains  compared  with  the  larger  grains.  The  increase  in  threshold  energy  density 
with  compaction  pressure  is  mainly  due  to  the  fact  that  the  grains  pack  much  closer 
together  reducing  the  effective  surface  area  to  volume  ratio  for  burning  but  it  also 
affects  the  porosity  and  hence  diffusion  of  the  flame  as  well  as  the  surface  laser 
absorbance. 


Fig.  4 

Threshold  energy  as  a  function  of  the  compaction  pressure  for  3.5  %  carbon  doping 

2)  LASER  IGNITION  OF  AMMONIUM  PERCHLORATE  CRYSTALS;  AN 
INGREDIENT  OF  PROPELLANT  COMPOSITIONS 

Introduction 

Crystals  of  ammonium  perchlorate  constitute  one  of  the  most  commonly  used  oxidizers 
in  propellant  mixtures.  A  solid  propellant  contains  both  oxidizer  and  fuel  ingredients 
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and  can  burn  at  a  very  fast  rate  in  the  absence  of  air  or  other  oxidizers.  Nowadays, 
propellants  are  being  used  to  produce  propulsive  thrusts  in  a  broad  range  of 
applications  which  include  rocket,  gun  and  air-breathing  propulsion  systems,  air-bags 
producing  high  pressure,  and  high  temperature  gases  for  joining  heavy-duty  electrical 
cables,  etc.  The  significant  commercial  and  military  applications  have  made  the 
development  of  insensitive  propellants  an  important  safety  issue.  An  insensitive 
composition  is  one  in  which  there  is  minimized  possibility  of  initiation  as  a  result  of 
unintentional  impact,  electrostatic  discharge,  thermal  and  shock  stimuli.  Detailed 
research  and  understanding  of  the  initiation,  ignition  and  related  mechanical 
deformations  of  ammonium  perchlorate  crystals  are  thus  of  vital  importance.  For  this 
purpose,  nanosecond  and  picosecond  laser  irradiation  of  ammonium  perchlorate 
crystals  has  been  used  at  the  University  of  Maryland  to  study  the  initiation,  ignition  and 
associated  mechanical  deformation  resulting  in  surface  cracking  on  a  time  scale 
approaching  the  actual  frequencies  associated  with  energetic  crystal  decomposition 
during  propellant  combustion. 

Summary  of  results 

The  nanosecond  and  picosecond  laser  pulses  were  obtained  from  two  separate  Nd/Yag 
lasers  (1064  nm  in  wavelength).  The  decomposition  has  been  detected  by  x-ray 
photoemission  spectroscopy  [2].  The  surface  mechanical  deformations  or  cracking 
associated  with  the  ignition  have  been  studied  by  optical  microscopy,  see  fig.  5,  electron 
microscopy  and  atomic  force  microscopy.  Extensive  cracking  was  observed  on  the 
surface  of  the  crystal.  The  directions  of  cracking  have  been  identified  and  related  to  the 
crystallography  and  allotropy  of  ammonium  perchlorate.  It  was  found  that  with  the 
nanosecond  laser  irradiation,  the  crystal  exhibited  cracking  due  to  the  orthorhombic 
structure  overlying  more  shallow  surface  cracking  produced  by  a  rock-salt  cubic 


structure.  This  phenomenon  had  occurred  as  a  result  of  the  allotropic  phase 
transformation  of  ammonium  perchlorate  from  the  orthorhombic  to  the  cubic  or  rock 
salt  structures  at  a  temperature  of  240  °C.  The  picosecond  laser  damage  exhibited 
cracking  solely  due  to  the  orthorhombic  modification,  see  fig.  6.  This  is  believed  to  be 
due  to  the  fact  that  though  the  local  temperature  rise  was  undoubtedly  also  high 
enough  to  induce  the  rocksalt-type  phase  transition,  the  time  for  laser  irradiation  and 
hence  heating  of  the  crystal  is  too  short  for  any  significant  amount  of  phase 
transformation  to  be  detected. 


FIG.  5 

TYPICAL  CRYSTAL  CRACKING  PRODUCED  BY  FOCUSSING  A  ns  LASER  PULSE 
(14  MW/mm2)  ON  THE  (001)  FACE  OF  AN  AMMONIUM  PERCHLORATE  CRYSTAL 
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FIG.  6 

TYPICAL  CRYSTAL  CRACKING  PRODUCED  BY  FOCUSSING  A  ps  LASER  PULSE  (9 
GW/mm2)  ON  THE  (001)  FACE  OF  AN  AMMONIUM  PERCHLORATE  CRYSTAL 

The  cracking  produced  in  the  rock  salt  structure  even  under  nanosecond  pulse 
conditions  consisted  of  a  very  fine  and  extensive  network  and  appeared  to  be 
subsurface  by  about  a  fraction  of  a  micron  dimension.  This  relates  to  propellant 
burning,  since  a  finer  network  of  cracking  corresponds  to  a  far  greater  surface  area  for 
decomposition,  assuming  that  the  decomposition  sites  are  related  to  the  surface  cracks. 
This  was  confirmed  with  electron  and  atomic  force  microscopy,  where  individual 
initiation  or  'hot  spot’  sites  have  been  detected  and  their  relation  to  the  surface  cracks 
determined.  The  initiation  sites  were  found  to  be  aligned  along  the  major  directions  of 
cubic  microcracking  and  not  the  (010)  orthorhombic  planes.  A  dislocation  mechanism 
for  the  cracking  observations  is  being  proposed  in  a  fuller  account  that  is  being 
prepared  of  this  investigation  [2]. 
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3)  LASER  INITIATION  OF  SINGLE  CRYSTALS  OF  ENERGETIC  MATERIALS 


Introduction 


It  is  important  to  determine  the  microscopic  mechanism/s  which  create  the  'hot  spots' 
or  initiation  sites  in  explosive  crystals.  A  'hot  spot',  after  initiation,  increases  in  size  by 
propagating  the  chemical  reactions  to  the  remaining  mass  of  explosive,  eventually 
generating  a  detonation.  The  propagation  of  a  deflagration-to-detonation  can  thus  only 
be  fully  understood  once  the  mechanism/s  for  'hot  spot'  formation  in  single  crystals 
have  been  fully  identified.  Also,  if  the  factors  that  are  involved  in  creating  the  'hot  spots' 
are  identified  e.g.  dislocations  or  other  crystal  defects,  then  better  control  over  the 
formation  of  initiation  sites  would  be  possible  and,  thus,  safer  conditions  for  handling 
explosives.  The  grains  which  make  up  the  explosive  powders  consist  of  single  crystals 
of  the  explosive.  Here  the  results  on  the  study  of  the  initiation  and  ignition  of  single 
crystals  of  RDX  (cyclotrimethylene  trinitramine)  undertaken  at  the  Cavendish 
Laboratory  are  described  [1,3]. 

Summary  of  Results 

Single  crystals  of  RDX  have  been  irradiated  on  the  (210)  growth  surface  by  a  focused 
Nd/glass  laser  beam  with  an  energy  density  of  1270  J/ cm^  and  pulse  duration  at  half 
maximum  of  300  ps.  Localized  sites  of  initiation  or  'hot  spots'  have  been  detected  by 
high  speed-photography.  These  sites  have  been  found  to  be  of  the  order  of  20-30  pm  in 
size,  they  formed  near  the  edges  of  the  crystal  remote  from  the  incident  laser  beam  and 
enlarged  at  the  rate  of  ~  75  ms"l,  eventually  propagating  the  deflagration  to  the  entire 
surface  of  the  crystal.  Fig.  7  is  a  high-speed  photograph  of  the  laser  irradiation  of  a 
single  crystal  of  RDX  of  size  2x4x2  mm  being  irradiated  by  a  focused  laser  beam  with  1 
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mm  spot  size  and  laser  energy  density  of  1270  J/cm2.  The  interframe  time  was  20  ps 
and  the  first  frame  occurred  10  ps  after  the  beginning  of  the  laser  pulse. 

I~ — I 

1  .-uu 


FIG.  7 

HIGH-SPEED  PHOTOGRAPHY  OF  AN  RDX  CRYSTAL  (2X4X2  mm)  IN  DARKNESS, 
IRRADIATED  BY  A  FOCUSSED  LASER  PULSE 


In  frame  1  bright  centres,  believed  to  be  initiation  sites,  have  already  formed.  They  are 
localized  on  the  edges  of  the  crystal  as  well  as  in  the  centre  of  the  laser  beam.  By  frame 
4, 80  ps  later,  it  can  be  observed  that  the  centres  are  enlarging  in  size  and  propagating  to 
the  rest  of  the  crystal  until,  by  about  frame  7,  the  whole  crystal  is  illuminated  by  the 
reaction. 


Various  experiments  have  been  performed  to  ascertain  whether  the  initiation  sites  had 
been  formed  by  a  mechanism  of  internal  reflection  of  the  laser  beam  between  the  crystal 
faces  and  focusing  at  the  crystal  edges.  These  have  been  found  to  be  negative.  The 
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initiation  sites  were  analyzed  with  an  optical  microscope,  since  they  could  be  easily 
identified  from  the  high-speed  photographs  and  the  whole  almost  intact  crystal  could 
be  recovered  after  irradiation  in  those  situations  in  which  the  laser  energy  density  was 
just  sub-threshold.  It  was  noted  that  these  sites  are  always  associated  with  a  very  fine 
net-work  of  cracking. 

4)  LASER  INITIATION  Oi-*  POWDERS  OF  ENERGETIC  MATERIALS 

Introduction 

The  laser  initiation  of  explosive  powders  can  be  used  as  an  experimental  tool  to 
compare  the  threshold  energy  densities  for  initiation  of  different  explosives.  The 
technique  can  also  be  used  to  obtain  more  details  on  the  initiation  of  one  particular 
explosive,  namely,  the  pyrotechnic  Mg  Teflon  Viton  (MTV).  For  this  purpose  the  results 
of  experiments  performed  at  the  Cavendish  Laboratory  are  briefly  described. 

Summary  of  Results 

The  Nd/glass  laser  described  in  the  above  sections  was  used  for  the  experiments.  A 
summary  of  the  threshold  energy  densities  for  powdered  explosives  is  given  in  Table  1. 
The  ignition  temperatures  and  average  grain  sizes  have  also  been  given.  The  trend  in 
laser  ignition  energies  roughly  follows  the  trend  in  ignition  temperatures.  No  direct 
correlation  can  be  made  with  the  grain  sizes  showing  that  the  laser  ignition  of  explosive 
powders  is  also  dependent  on  other  factors  such  as  grain  perfection,  explosive  porosity 
etc.  The  critical  radiation  density  versus  beam  diameter  has  been  measured  for  the  laser 
irradiation  of  pellets  of  MTV  (Mg  Teflon  Viton)  and  is  shown  in  fig.  8.  This  was  done 
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by  placing  apertures  of  different  diameters  in  the  laser  beam  and  measuring  the  laser 
energy  necessary  for  ignition. 


Explosive 

Ignition 

temperature 

("C) 

Average 
grain  size 
(pm) 

Laser  threshold  energy 
for  ignition  (mJ/mm^) 

Tetryl 

185 

10-100 

87.0 

PETN 

202 

150-300 

75.0 

RDX 

230 

20-70 

56.0 

Picric  acid 

270 

20-400 

66.0 

TNT 

290 

2-40 

285.0 

TNB 

305 

10-250 

153.0 

TABLE  1 

Comparison  of  the  threshold  energy  densities  to  laser  ignition  with  ignition 

temperatures. 


However,  making  the  gross  approximation  that  the  energy  density  is  constant  across 
the  beam  and  whose  total  energy  in  the  beam  is  known,  leads  to  a  determination  of  the 
actual  energy  reaching  the  sample.  A  measurement  was  performed  of  the  laser  beam 
spatial  profile  and  this  approximation  was  found  to  be  quite  good  in  the  limits  of  the 
aperture  diameters  used  in  the  experiments.  As  can  be  seen  from  the  graph  in  Figure  8, 
the  critical  radiation  increases  drastically  for  the  lower  beam  diameters  indicating  that 
there  is  a  minimum  diameter  for  the  initiating  nucleus.  This  relates  to  the  critical 
dimension  necessary  for  the  formation  of  an  initiation  site. 


Beam  diameter  (mm) 

Fig.  8 

Threshold  energy  density  as  a  function  of  beam  diameter  for  MTV  explosive 

CONCLUSIONS 

The  irradiation  of  explosives  by  a  laser  beam  has  been  shown  to  be  a  useful 
experimental  tool.  It  can  be  used  to  obtain  information  on  fundamental  physical 
processes  taking  place  during  explosive  initiation,  to  compare  the  energetic  and 
material  properties  of  different  explosives  and  has  very  high  potential  for  research  and 
development  applications. 
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ABSTRACT 


The  purpose  of  the  present  paper  is  to  show  a  possibility  to  improve  the  ballistic 
properties  of  conventional  gun  propellants  by  means  of  certain  additives  of  fine 
grained  metallic  elements  into  the  propellant  composition  or  as  a  separate 
component  of  gun  charge.  The  main  attention  is  focused  on  the  improvement  of 
single-  and  double-base  gun  propellants  using  aluminium  additives  as  powder  or 
foil. 

Such  a  possibility  to  obtain  higher  velocity  of  gun-launched  projectile  is  proven 
theoretically,  by  means  of  the  thennodynamic  calculations  and  numerical 
simulation  of  the  interior  ballistics  process,  and  experimentally  by  fire 
examinations  using  30-mm/75-calibre  gun.  The  addition  of  aluminium  particles 
into  the  propellant  composition  as  well  as  into  the  gunchamber  is  tested,  The 
latter  method  allows  one  rather  simply  to  increase  thennal  characteristics  of 
powder  gases  and  optimise  the  heatrelease  process  improving  the  flatness  of  the 
gun  pressure-time  curve. 

This  paper  continues  and  summarises  the  author's  investigations  published  in 

[1.2]. 
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1.  INTRODUCTION 

Increasing  of  projectile  velocity  is  a  major  objective  of  gun  and  rocket  design.  In 
order  to  achieve  high  speeds  for  projectile,  a  chemical  propulsion  system  must 
use  a  hot  light  gas  as  driving  agent,  because  the  attainable  maximum  of  projectile 
velocity  is  proportional  to  the  speed  of  sound  in  the  working  substance  used 
[3-6].  So,  both  of  increasing  in  the  propellant  energy  and  decreasing  in  the 
average  molecular  weight  of  the  combustion  products  are  the  basic  methods  for 
improving  of  the  interior  ballistic  characteristics, as  for  conventional  gun-tube  as 
for  rocket  launchers  [6-9], 

Composite  propellants  containing  metallic  particles  as  energetic  additives  have 
long  been  in  use  for  solid-propellant  rocket  motors.  It  is  customary  to  assume  that 
application  of  high-energy  propellants  in  gun-tube  systems  is  extremely  limited, 
as  it  is  accompanied  by  increasing  of  gun  barrel  wear,  which  is  proportional  to  the 
propellant  flame  temperature  [10,1 1].  The  hot  combustion  gases  in  ordnance  wear 
steel  from  the  gun  barrel,  eventually  rendering  the  bairel  unserviceable. 

Meanwhile,  the  experience  of  recent  years  indicates  that  the  gun  tube  erosivity 
depends  on  the  composition  of  combustion  products  and  on  the  bore  surface  state 
as  well  as  on  the  flame  temperature  (see,  for  example  [11]).  Therefore  it  is 
desirable  to  make  up  the  increasing  in  the  projectile  muzzle  velocity  by  means  of 
optimisation  of  the  combustion  products  composition,  keeping  the  maximum  gas 
temperature  and  pressure  within  the  allowable  limits.  The  theoretical  and 
experimental  results  presented  in  this  paper  show  that  such  approach  can  be 
realised  using  aluminium  additives  to  conventional  gun  propellants. 


19 


3 


2.  THERMODYNAMIC  AND  BALLISTIC  CALCULATIONS 

Thennodynamic  properties  of  propellants  include  the  flame  temperature  Tf  and 
composition  Bj  of  the  combustion  products,  their  specific  heats,  average 
molecular  weight  M,  and  covolume  under  certain  conditions  [4,6],  The  method 
that  is  used  to  calculate  these  properties  for  propellants  containing  metallic 
additives  have  been  published  in  [1],  The  pressure  of  condensed  products,  caused 
by  the  Brownian  movement  of  particles,  is  neglected. 

The  calculations  were  carried  out  for  given  gas-pressures  assuming  the  state 
equation  corresponding  to  ideal  gas.  This  assumption  is  pennissible,  as 
comparisons  of  results,  computed  with  the  ideal  gas  equation  of  state  and 
equations  for  real  gases,  indicate  that  relatively  small  differences  arise  in  flame 
temperature  and  in  average  molecular  weight  of  gas  [8,12],  Nevertheless,  the 
calculation  of  gas-pressures  for  various  loading  densities  D  needs  the  state 
equation  for  real  gas,  for  example,  a  virial  equation  [4,7,12],  taking  into  account 
CO  volume  and  other  characteristics  of  real  gas-state. 

The  tmstworthiness  of  the  numerical  method  [1]  was  evaluated  by  comparison  of 
the  combustion  products  composition  calculated  for  conventional  gun  powders 
and  rocket  solid  propellants  with  appropriate  literature  data.  A  good  confonnity 
of  the  obtained  results  to  literature  data  justifies  the  method  [1]  used  in  this  work. 

The  gross  coefficients  Bj  of  compositions  for  single-  and  doublebase  gun- 
propellants  (pyroxylin  and  ballistite),  with  various  contents  of  aluminium,  and  the 
enthalpies  H  of  their  fonnation  under  standard  condition  T=  298  K,  are  presented 
in  Table  1. 
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Table  1. 

Sunumary  of  Compositions  and  Thennochemical  Properties  of  the  Propellants. 


Powder  Pyroxilin  Ballistite 


0 

5 

10 

15 

0 

5 

10 

15 

A1 

0 

m 

3.369 

4.834 

0 

1.765 

3.369 

4.834 

Bj,  0 

36.78 

35.03 

33.44 

31.98 

36.39 

34.66 

33,08 

31,64 

mol/kg  H 

25.02 

23.83 

22.74 

21,75 

27.86 

26  53 

25.33 

24.22 

N 

9.709 

9.247 

8,827 

8,443 

10.46 

9.965 

9.512 

9.098 

C 

20.84 

19,85 

18.94 

18.12 

20.24 

19.28 

18.40 

17.60 

Enthalpy 
-H,  MJ/kg 

2.364 

2.251 

2.149 

2.056 

2,096 

1.996 

1.905 

1.823 

*  It  is  the  weight-ratio  of  the  aluminum  to  the  original  propellant. 

These  thennochemical  properties  of  propellants  are  the  initial  data  for  further 
thennodynamic  and  ballistic  calculations  The  results  of  thennodynamic  and 
ballistic  characteristics  of  original  and  metalliferous  powders  at  pressure  3000 
atm  and  temperature  298  K  are  shown  in  Table  2. 

As  we  can  see  in  Table  2,  the  introduction  of  aluminium  leads  to  increasing 
maximum  temperature  Tf  and  powder  force  F--RTf/M,  where  R  is  the  universal 
gas  constant.  In  result,  the  con’esponding  increase  in  muzzle  velocity  V  of 
projectile  is  provided.  It  is  of  great  interest  for  the  interior  ballistic  problem  to 
estimate  the  variation  of  thennodynamic  characteristics  by  pressure  change  in 
range  which  is  typical  for  gun-shot. 

For  this  aim  the  calculations  of  maximum  temperatures  Tf  and  powder  forces  F 
were  carried  out  for  pressure  values  up  to  5000  atm.  The  results  of  calculations 
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Table  2. 


Theiinodynamic  and  Ballistic  Characteristics  of  Powders  with  Aluminum  Additives 


Powder 

Pyroxilin 

Ballis 

tite 

Addition  of  Al,  % 

0 

5 

10 

15 

0 

5 

10 

15 

Tf,K 

2878 

3152 

3403 

3634 

2947 

3212 

3454 

3676 

M,  g/mol 
all  products 

26.27 

27.60 

28.92 

30.25 

25.48 

26.77 

28.06 

29.35 

gas-phase 

26.27 

25.11 

23.95 

22.80 

25.48 

24.36 

23.24 

22.12 

Relative  weight 
ofA1203 

0 

0.090 

0.172 

0.246 

0 

0.090 

0.172 

0.246 

II 

0.956 

0.912 

0.868 

II 

0.956 

0.912 

0.868 

Wcond/Wprod 

(A120S) 

0 

0.008 

0.015 

0.021 

0 

0.008 

0.015 

0.021 

(Do-D)/Do,  % 

0 

3.29 

5.39 

6,89 

0 

2.85 

4.75 

5.70 

Wcharg/Wchamb 

0.209 

0.195 

0.186 

0.178 

0.198 

0.186 

0.177 

0.171 

Density,  g/cm^ 

1.60 

1.65 

1.70 

1.74 

1.60 

1.65 

1.70 

1.74 

Heat  of  explosion 
cal/g 

956 

1086 

1205 

1313 

1006 

1134 

1250 

1357 

Force  F,  J/g 

911 

1044 

1181 

1325 

962 

1096 

1236 

1382 

F/Fo 

1 

1.146 

1.296 

1.455 

1 

1.140 

1.285 

1.437 

V/Vo 

1 

1.047 

1.087 

1.124 

1 

1.044 

1.082 

1.117 

Addition  to 
covolume,  1/kg 

0 

0.028 

0.059 

0.093 

0 

0.028 

0.059 

0.093 

Tables. 


Combustion  Products  Temperature  Tf  and  Force  F  vs  Pressure. 


Powder  Pyroxilin  Ballistite 

Pressure,  atm 

40 

100 

1000 

5000 

40 

100 

1000 

5000 

Tf,K 

2833 

2850 

2872 

2880 

2890 

2912 

2940 

2950 

F,  J/g 

903.4 

907.1 

911.0 

910.2 

951.9 

956.7 

961,9 

961,0 
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presented  in  Table  3  show  that  pressure  influence  is  relatively  small.  So,  the 
relative  increase  in  temperature  Tf  by  pressure  variation  from  40  to  5000  atm 
consists  1.72  %,  and  the  maximum  increase  in  powder  force  consists  1.0  %. 

Such  increase  in  temperature  Tf  takes  place  owing  to  the  suppression  of 
dissociation  reactions,  that  simultaneously  leads  to  some  increase  in  average 
molecular  weight  M  of  gas  mixture.  The  competing  influence  of  these  two  factors 
leads  to  appearance  of  maximum  on  the  curve  F(P)  located  in  the  pressure  range 
1000-  2000  atm  The  effect  of  dissociation  suppression  influences  the  temperature 
Tf  and  powder  force  mainly  at  pressures  up  to  1000  atm.  This  effect  can  be 
neglected  m  the  field  of  relatively  high  pressures  1000-5000  atm.  So,  the 
estimations  obtained  for  P=3000  atm  are  true  over  a  wide  range  of  pressures.  The 
weak  dependence  of  powder  force  on  pressure  points  indirectly  to  possibility  to 
use  the  state  equation  for  ideal  gas  instead  of  one  for  real  gas. 


3.  DISCUSSION  OF  THE  CALCULATIONS  RESULTS 

The  thennodynamic  calculations  testify  that  addition  of  aluminum  to  conventional 
gun-powders  may  be  one  of  the  perspective  method  to  increase  their  energy 
density.  As  we  mentioned,  the  utilisation  of  high-energy  propellants  (HEP)  is 
usually  accompanied  by  increasing  in  temperature  Tf  and,  as  result,  m  erosivity  of 
powder  gases.  For  example,  HEP  containing  the  explosives,  usually  have  the  high 
temperature  Tf  together  with  high  molecular  weight  M  of  combustion  products, 
which  is  due  to  increase  in  C02  content  in  products.  This  circumstance  is 
illustrated  by  thennochemical  data  for  umnetalliferous  powders,  presented  in 
Table  4. 
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Table  4. 

Thennochemical  Characteristics  and  Compositions  of  Combustion  Products  of 


Metallized  and  Conventional  Gun  Propellants* 


1 

1  Composition  of  Products,  mol/kg  | 

Powder 

T 

K 

F 

J/g 

M 

g/mol 

CO 

C02 

H20 

H2 

N2 

AL203 

Ml 

2480 

928 

22.2 

22.8 

0 

2.40 

6.10 

9.10 

4.50 

- 

Pyroxilin 

2878 

H 

26.3 

14.2 

7 

6.56 

9.37 

2.82 

4.70 

- 

Ballistite 

2947 

962 

25,5 

14.3 

5.92 

10.20 

3.34 

5.05 

M30 

3021 

1078 

23,3 

11,8 

0 

3.00 

10.50 

5.50 

11.90 

- 

P+5%  A1 

3152 

1044 

25.1 

15.3 

3 

4.50 

7.99 

3.50 

4.43 

0.090 

B+5%  A1 

3212 

1096 

24.4 

15.2 

3 

4.04 

8.64 

4.12 

4.75 

0.090 

M5 

3264 

1079 

25.1 

nnoj 

4.90 

9.30 

4.00 

4,90 

- 

P+10%A1 

3403 

1181 

24,0 

16.0 

3 

2.90 

6.47 

4.34 

4.17 

0.172 

B+10%  Al 

3454 

1236 

23.2 

15.8 

0 

2.60 

6.94 

5.06 

4.47 

0.172 

P+15%  A1 

3640 

1325 

22.8 

16.4 

1.72 

4.81 

5.34 

3.92 

0.246 

B+15%  Al 

3676 

1382 

22.1 

16.0 

0 

1.56 

5.14 

6.12 

4.20 

0.246 

M8 

3716 

1178 

26.2 

13.0 

0 

6.40 

10.20 

2.40 

5.40 

- 

*  Note  ;  P  is  pyroxilin;  B  is  ballistite;  Ml  -  M30  are  the  conventional  US  gun-propellants 
[8,11]. 


It  is  desirable  to  make  up  the  increase  in  powder  force  F,  and  consequently  in 
muzzle  velocity  of  projectile  V  ~  F,  decreasing  the  molecular  weight  M,  but 
keeping  the  temperature  Tf  within  the  allowable  limits.  This  puipose  is  served  for 
conventional  propellants  by  means  of  aluminum  addition,  as  the  data  presented  in 
Tables  2  and  4  show. 
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The  energy  increasing  of  conventional  propellants  by  introduction  of  aluminum 
leads  simultaneously  to  lower  molecular  weight  M  of  working  gas,  that  is  very 
desirable.  This  is  due  to  the  deoxidisation  of  C02  to  CO  by  the  oxidation  of 
aluminum  up  to  condensed  phase  AJ203.  On  the  bases  of  carried  out  calculations 
with  account  of  totality  of  defined  factors  exerted  decisive  influence  in  the  end  on 
the  value  of  initial  projectile  velocity  on  the  one  hand  and  for  the  life  of  gun  barrel 
on  the  other  hand,  it  can  be  optimised  the  content  of  aluminium  in  powder 
[charge]. 

For  ammunition  of  classic  scheme  round  it  is  more  acceptable  content  of 
aluminium  in  powder  [charge]  not  more  than  5-  8%  of  the  charge  mass.  In  such  a 
case  it  is  expected  increasing  of  burning  temperature  up  to  3100-3300  K,  powder 
force  up  to  15-20%,  and  muzzle  velocity  up  to  4-8%;  that  is  highly  substantial  in 
comparison  with  other  known  methods,  for  example,  the  using  of  powder  with 
fast-burning  explosives. 

4.  FIRING  TESTS  OF  GUN-CHARGES  CONTAINING  ALUMINUM 
ADDITIVES 

In  order  to  experimentally  verily  the  proposed  method  for  increasing  in  muzzle 
velocities  of  projectiles,  some  firings  were  done  with  charges  containing 
aluminum  additives  taken  in  excess  of  100%  of  powder  mass.  It  was  investigated 
the  possibility  of  presence  in  conventional  charges  the  aluminum  powder  ASD-1 
or  granulated  aluminum  AG-90  (on  the  base  of  90%  ASD-1  with  10%  of 
pyroxylin). 

It  was  investigated  also  the  gun  charges  containing  the  aluminum  foil  particles  of 
different  thickness.  The  aim  of  these  tests  is  to  find  the  optimum  fonn  for 
aluminum  foil  elements  and  their  distribution  over  the  gun  chamber  volume.  The 
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trials  were  carried  out  using  conventional  30  inin  ballistic  gun-tube.  The 
registration  of  projectile  muzzle  velocities  were  provided  by  solenoids.  The 
maximum  gas-pressures  was  measured  by  crasher  device,  and  simultaneous 
registration  of  the  pressure  curve  P(t)  by  means  of  the  piezometric  pickup  T-6000 
was  provided. 

The  results  of  ballistic  trials  show  that  the  small  addition  of  aluminum  powder 
ASD-1  (or  the  composition  of  granulated  aluminum  AG-90)  in  amount  of  2-6%, 
leads  to  increasing  in  the  maximum  pressure  of  powder  gases.  The  more 
aluminum  is  contained  in  the  charge  the  higher  is  the  pressure  increase.  So,  the 
addition  of  aluminum  powder  ASD-1  in  amount  of  4.4%  leads  to  increasing  the 
muzzle  velocity  up  to  6.3%  and  the  maximum  pressure  up  to  20%.  The  addition 
of  4.6yo  of  granulated  aluminum  AG-90  of  different  fractions  into  the  same 
charge  leads  to  increase  in  the  muzzle  velocity  up  to  2. 5-6.0%,  and  maximum 
pressure  increasing  to  10-16%. 

These  experimental  data  confinning  the  theoretical  forecast  have  been  the  base 
for  further  optimisation  of  the  charge  design  to  reduce  temperature  Tf  keeping  the 
increase  in  muzzle  velocity  V.  The  main  goal  for  subsequent  experiments  was  the 
looking  for  the  optimum  form  of  aluminum  elements  to  improve  thermodynamic 
characteristics  of  combustion  products,  and  to  optimise  the  dynamics  of  energy 
release  during  combustion  of  the  metal-containing  charges. 

Results  of  these  investigations  for  charges  containing  particles  of  aluminum  foil 
indicate  the  peculiar  dependence  of  the  ballistic  characteristics  on  foil  thickness. 
So,  the  utilisation  of  foil  having  the  certain  thickness  ensures  the  smaller  rate  for 
the  maximum  pressure  increase  in  comparison  with  the  rate  of  the  muzzle  velocity 
increase.  This  unordinaiy  experimental  fact  can  be  explained  by  the  influence  of 
the  time-delay  of  aluminum  particles  ignition,  which  depends  on  foil  thickness. 
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The  special  investigation  of  interior  ballistic  process  was  carried  out  to  check  that 
hypothesis  and  to  compare  the  burning  processes  for  conventional  and 
metalliferous  charges.  These  experiments  were  provided  by  synclironous 
registration  of  pressure  curves  P(t)  at  five  different  cross  sections  along  the 
barrel.  The  maximum  pressure  for  the  charge  containing  the  aluminum  foil 
elements  (3%  of  charge  mass)  is  slightly  lower  (0.9%),  than  that  one  for 
conventional  charge.  At  the  same  time  the  addition  aluminium  foil  increases  the 
muzzle  velocity  up  to  2.3%. 

This  effect  is  accompanied  by  increase  in  the  flatness  of  the  pressure  curves,  i.e, 
the  ratio  of  the  mean  pressure  to  the  peak  pressure.  In  the  case  of  charge  with 
aluminum  foil  the  pressure  mesured  at  barrel  point  on  distance  of  7.5  clb,  from 
the  chamber  is  higher  than  corresponding  one  for  conventional  charge  up  to  8.3%. 
As  the  projectile  moves  along  the  bore,  the  pointed  difference  of  pressures  is 
lowering:  at  distance  of  26  clb.  it  consists  3.3%,  and  near  the  muzzle  end  (75  clb) 
It  consists  only  2,0%. 

A  ballistic  efficiency  of  the  aluminum  addition  can  be  also  estimated  by 
comparison  of  the  pressure  impulses  for  conventional  and  metallized  charges. 
These  values  were  derived  in  according  to  experimental  curves  P(t)  for  different 
cross-sections  of  bore.  For  the  point  on  distance  of  7,5  clb.  from  the  chamber's 
bottom  the  pressure  impulse  for  metallized  charge  exceeds  the  relevant  one  for 
the  regular  charge  by  14,4%.  For  the  next  section  corresponding  to  distance  of 
26  clb.,  this  value  is  lowering  up  to  9,8%. 

The  high  energy-release  by  aluminum  burning  is  favourable  for  total  combustion 
of  powder  charge  in  the  bore  during  the  pressure  decrease  period  of  shot  cycle. 
The  numerical  estimation  of  burned  out  powder  portion  conoborates  this  effect. 
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along  the  bore.  According  to  the  theoretical  estimations  taking  into  account  the 
foil  ignition-delay,  the  temperature-time  curve  has  the  second  maximum  as  result 
of  aluminum  burning.  The  optimization  of  aluminum  content  is  directed  to 
increase  this  second  maximum  of  temperature  but  not  exceed  the  level  of  first 
maximum  gastemperature.  In  the  case  of  metallized  charge,  the  falling  part  of  the 
curve  T(t),  next  to  the  second  maximum,  places  above  the  same  one  for  the 
original  charge  without  aluminum. 

5.  CONCLUSION 

The  results  of  experimental  and  theoretical  investigations  presented  in  this  paper 
show  the  possibility  to  improve  the  ballistic  characteristics  of  conventional  gun- 
propellants  by  addition  of  small  amount  of  aluminum  powder  or  foil  particles  of 
certain  thickness. 

The  interior  ballistic  process  for  gun-tube  systems  using  the  multi-phase 
combustion  products  of  metalliferous  charges  as  working  substance  can  be 
governed  effectively  by  means  of  amount  of  additives  and  their  sizes. 
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ABSTRACT 

This  paper  is  a  brief  review  of  the  molecular  structure  effects  on  the  linear 
burning  rate  of  energetic  ingredients  used  in  solid  propellants.  While  it  has 
long  been  known  that  the  burning  rate  of  propellants  based  on  nitrocellulose 
(NC)  and  liquid  nitrate  ester  plasticizers  is  a  direct  function  of  the  flame 
temperature  and  heat  of  explosion,  there  are  classes  of  ingredients  for  which 
this  behavior  does  not  always  hold  true  —  specifically  nitramines  and  azides. 

There  are  new  nitramine  and  azide  ingredients  emerging  from  research 
studies  that  offer  drastically  different  burning  characteristics  —  which  in 
turn  will  yield  entirely  new  classes  of  advanced  gun  propellants.  This  paper 
will  address  how  the  molecular  structure  of  various  nitramine  and  azide 
ingredients  affect  the  burning  rate  -  in  ways  that  are  significantly 
different  than  conventional  NC-NG  systems.  For  example,  it  is  now 
possible  to  significantly  increase  the  burning  rate  without  the  normal 
attendant  increases  in  flame  temperature  —  and  alternatively,  reduce  the 
flame  temperature  without  sacrificing  burning  rate  These  ingredients  do 
not  appear  to  obey  the  standard  combustion  theories  and  explanations. 


INTRODUCTION 

This  paper  is  dedicated  in  memory  of  Otto  K.  Heiney,  who  was  killed  in  an 
explosion  on  July  26,  1994  in  the  course  of  his  work  in  advanced  gun 
propellants.  Otto  was  well  known  in  the  international  solid  propellant 
community  as  one  who  strongly  believed  in  advancing  the  state-of-the-art 
of  gun  propellants,  and  was  instrumental  in  funding  many  basic  combustion 
and  burning  rate  studies  while  at  Eglin  AFB.  He  was  also  keenly  interested 
in  improving  a  fundamental  understanding  of  the  interior  ballistics  of  guns, 
especially  at  velocities  >  2000  m/sec.  He  will  be  missed  by  his  fellow 
workers. 
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Ever  since  the  introduction  of  NC  as  a  fully  colloided  solid  propellant 
about  1880,  virtually  all  gun  propellants  in  use  have  been  based  on  NC. 
Also,  it  was  clearly  recognized  shortly  after  the  introduction  of  double¬ 
base  propellants  that  the  burning  rate  is  a  direct  function  of  the  flame 
temperature  and  heat  of  explosion.  If  one  wants  faster  burning,  one  simply 
uses  a  hotter  and  more  energetic  propellant.  All  of  the  known  double-base 
combustion  models  are  based  on  this  fact. 

It  has  been  a  challenge  for  many  decades  to  find  a  way  to  tailor  the  burning 
rate  relatively  independent  of  flame  temperature  or  heat  of  explosion.  The 
results  shown  in  this  paper  have  been  collected  from  a  variety  of  sources, 
but  primarily  are  based  on  work  conducted  at  Eglin  AFB  and/or  funded  by 
Eglin  during  the  past  20-25  years.  In  general,  the  results  shown  here  have 
been  not  widely  reported  or  readily  available  to  burning  rate  researchers. 
One  unique  aspect  about  many  of  the  burning  rates  reported  here  is  that 
they  were  obtained  in  a  high  pressure  strand  burner  (at  Eglin  AFB)  at 
pressures  up  to  50,000  psi  (345  MPa). 

Nitrate  Esters 

For  reference  purposes,  a  literature  review  of  30  homogeneous  double¬ 
base  NC-NG  propellants  (including  solvent  and  solventless  extruded  types 
as  well  as  casting  powder/casting  solvent  types)  covering  a  wide  range  of 
heat  of  explosion  (from  420  to  1650  cal/gram)  showed  the  following 
relationship  between  heat  of  explosion  (Qex)  and  burning  rate: 

Rj  =  0.08911  *  10  ^  0.0008928*Qex  (1) 

where  Qex  is  calories/gram  and  Rj  is  inches/second  at  2,500  psi  (or  17.24 
MPa).  The  pressure  of  2,500  psi  was  chosen  simply  because  many  burning 
rate  researchers  used  this  as  basis  of  comparison  (in  the  1940s- 1950s),  and 
much  literature  data  were  available.  Unfortunately,  much  of  the  early  data 
did  not  report  flame  temperature.  For  the  simple  NC-NG  system,  the 
relationship  between  Qex  and  isochoric  flame  temperature  Tv  (between 
2200°  and  4000°K)  is  as  follows: 

Qex  =  247.8  *  10"^  0.0001864*Tv  (2) 

It  should  be  recognized  that  Equation  (2)  may  not  be  valid  for  other  NC- 
based  propellants,  especially  for  ingredients  that  generate  low  MW 
combustion  gases.  However,  based  on  these  two  relationships,  the  burning 
rate  (at  2,500  psi)  of  homogeneous  NC-NG  propellants  varies  as  follows: 
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Tv  rK) 

Oex  (cal/e) 

Rate  fin/sec) 

2000 

585 

0.30 

2500 

725 

0.40 

3000 

898 

0.56 

3500 

1113 

0.88 

4000 

1379 

1.52 

For  gun  applications,  it  is  of  more  value  to  compare  burning  rates  at 
significantly  higher  pressures  -  and  40,000  psi  (276  MPa)  is  typically  used 
since  it  represents  a  value  closer  to  the  average  pressure  encountered 
during  the  gun  ballistic  cycle.  Of  course,  burning  rates  at  peak  chamber 
pressures  of  80,000  to  100,000  psi  (550  to  700  MPa)  would  be  even  better, 
but  no  such  high  pressure  strand  burners  are  known  to  exist  --  and  closed 
bomb  burning  rates  are  always  subject  to  much  interpretation. 

If  the  pressure  exponent  of  all  homogeneous  NC-NG  propellants  is  assumed 
to  be  essentially  0.90  above  5,000  psi  (34.5  MPa),  then  the  relationship 
between  heat  of  explosion  (Qex)  and  burning  rate  (at  40,000  psi  or  276 
MPa)  is  as  follows: 

R2  =  0.8501  *  10^  0.0009454*Qex  (3) 

where  Qex  is  calories/gram  and  R2  is  inches/second  at  40,000  psi. 

From  this,  the  following  burning  rates  are  to  be  expected  at  40,000  psi: 


Tv  rK) 

Oex  fcal/e) 

Rate  On/sec) 

2000 

585 

3.0 

2500 

725 

4.1 

3000 

898 

6.0 

3500 

1113 

9.6 

4000 

1379 

17.1 

This  relationship  is  believed  to  be  reasonably  good  even  though  it  is 
extrapolated  from  2,500  psi.  For  instance,  investigators  working  with 
solventless  extruded  JA-2  double-base  propellant  (where  Qex  =  1 120  cal/g 
and  Tv  =  3440°K)  have  reported  burning  rates  at  40,000  psi  ranging  from 
9.5  to  11.1  inches/second  -  in  reasonably  good  agreement  with  the 
extrapolated  rates.  The  pressure  exponent  of  JA-2  is  in  the  range  of  0.86  to 
0.90  at  40,000  psi.  Actual  observed  rates  at  40,000  psi  are  always  better 
than  predictions  or  extrapolations. 

Strands  of  NC  (12.6%N  +  1%  2nDPA  stabilizer)  burned  in  the  Eglin  AFB 
high  pressure  strand  bomb  (as  a  baseline  reference)  from  4,000  to  50,000 
psi  (27.6  to  345  MPa)  gave  the  following: 

^NC 


=  0.0004270  *  P^  0-883 


(4) 
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where  P  is  psi  and  is  inches/second.  At  40,000  psi,  NC  was  found  to 
bum  at  4.96  inches/second  —  slightly  slower  than  the  6.4  inches/second 
expected  from  Qex  =  930  cal/gram  in  equation  (3)  or  6.2  inches/second 
from  Tv  =  3040°K  in  equation  (2).  In  summary,  NC  was  observed  to  bum 
at  the  following  rates: 


P  (psi) 

Rate  (in/sec) 

4,000 

0.65 

10,000 

1.45 

20,000 

2.68 

30,000 

3.83 

40,000 

4.96 

50,000 

6.02 

In  the  period  from  1945  to  1950,  much  work  was  done  by  B.  L.  Crawford 
(and  others)  at  the  University  of  Minnesota  where  they  found  polyvinyl 
nitrate  (PVN)  to  be  significantly  faster  burning  than  NC.  A  limited  amount 
of  testing  was  done  at  Eglin  about  1983-1984  with  PVN.  Burning  rate 
strands  were  prepared,  and  it  was  noted  that  PVN  was  completely  miscible 
with  NC  (12.6%N)  in  ail  proportions  Results  of  the  tests  (and  a 
comparison  to  neat  PVN  taken  from  the  literature)  are  as  follows: 


%  PVN 

Qex 

Tv 

Rate 

n 

0 

930 

3040 

4.96 

0.883 

40 

993 

3154 

6.00 

0.984 

100 

1113 

3372 

7.96 

1.035 

where  Qex  is  calories/gram,  Tv  is  °K,  Rate  is  inches/second  at  40,000  psi, 
and  n  is  the  pressure  exponent. 

The  increase  in  burning  rate  (and  the  gradual  increase  in  pressure 
exponent)  as  the  concentration  of  PVN  increased  can  either  be  attributed  to 
the  increase  in  Qex  and  Tv  -  or  to  the  simpler  PVN  molecule  containing  a 
greater  proportion  (or  higher  density)  of  nitrate  groups  per  molecule  than 
NC.  On  the  other  hand,  NC-PVN  appears  to  bum  slightly  slower  than  NC- 
NG  at  the  same  flame  temperature  (based  on  JA-2  propellant  and 
extrapolated  double-base  behavior). 

NENAs 

Over  a  decade  ago,  alkyl  NENA  plasticizers  (containing  both  a  nitramine  as 
well  as  a  nitrate  ester  moiety)  were  researched  extensively  at  Eglin  AFB, 
and  their  burning  rate  properties  determined  in  a  NC  binder.  NENAs  are 
mono  nitrato  nitramines  as  shown  in  the  following  stmctural  formula: 


20-5 


NO2 

R  -  N  -  CH^  --  CH^  --  ONO2 

where  R  =  an  alkyl  group  such  as  methyl,  ethyl,  propyl,  etc.  NENAs  are 
completely  miscible  with  NC  in  all  proportions,  and  form  homogeneous 
single-phase  systems  with  no  solid  phases  present. 

Burning  rates  of  strands  were  measured  over  the  pressure  interval  from 
4,000  to  50,000  psi  (27.6  to  345  MPa).  When  examined  at  a  fixed  NENA 
concentration  of  40%  by  weight  (in  NC),  it  was  found  that  the  burning 
rates  changed  in  direct  proportion  to  the  individual  Qex  of  the  NENA 
studied.  It  was  also  noted  that  the  NENAs  burned  faster  than  expected  on 
the  basis  of  Qex  or  Tv  compared  to  NC.  Pressure  exponents  were  generally 
about  unity,  and  varied  little  from  one  NENA  to  another.  In  summary,  the 
following  burning  behavior  was  observed  (where  Rate  is  the  burning  rate 
in  inches/second  at  40,000  psi): 


NENA 

40%  in  NC: 

NENA 

Qex 

Qex 

Tv 

Rate 

n 

Methyl 

1113 

993 

3094 

7.33 

0.941 

Ethyl 

797 

867 

2741 

5.95 

1.005 

Propyl 

503 

749 

2453 

4.72 

1.022 

Butyl 

259 

652 

2245 

3.95 

1.006 

Pentyl 

47 

567 

2116 

3.41 

1.001 

NC  control 

— 

930 

3040 

4.96 

0.883 

NC-DBP 

— 

686 

2370 

3.02 

0.862 

In  general,  the  NENAs  burned  about  45%  faster  than  the  NC  and  NC-DBP 
controls  at  the  same  flame  temperature  --  and  the  burning  rate  increased 
nearly  linearly  with  increasing  flame  temperature.  Presumably,  the 
enhanced  rate  is  due  to  the  nitramine  moiety  in  the  NENA,  or  an 
interaction  between  the  nitrate  ester  and  nitramine.  No  predictions  have 
been  made  for  the  neat  NENAs,  although  it  appears  the  rate  of  neat 
MeNENA  (Tv  =  3225 °K)  could  easily  be  greater  than  15  inches/second  (at 
40,000  psi). 

In  another  series  of  tests,  EtNENA  was  diluted  with  an  inert  plasticizer 
DOS  (dioctyl  sebecate)  to  simulate  the  lower  flame  temperature  of  other 
members  of  the  NENA  family,  ProNENA,  BuNENA  and  PeNENA.  Also, 
BuNENA  was  examined  at  a  higher  concentration  to  simulate  the  lower 
flame  temperature  of  PeNENA,  and  PeNENA  was  examined  at  a  lower 
concentration  to  simulate  the  higher  flame  temperature  of  ProNENA.  NC 
(12.6%N)  was  the  binder  in  all  instances. 
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The  burning  rates  observed  were  as  follows  (at  40,000  psi): 


NENA 

Oex 

Tv 

Rate 

n 

36%  EtNENA+4%  DOS 

749 

2450 

4.99 

1.001 

40%  ProNENA 

749 

2453 

4.72 

1.022 

20%  PeNENA 

748 

2452 

4.37 

0.844 

34%  EtNENA+6%  DOS 

652 

2240 

4.40 

1.017 

40%  BuNENA 

652 

2245 

3.95 

1.006 

50%  BuNENA 

582 

2144 

3.79 

1.024 

40%  PeNENA 

567 

2116 

3.41 

1.001 

In  each  instance,  the  smaller  NENA  molecule  (with  fewer  attendant 
methylene  groups)  burned  faster  than  the  larger  NENA  molecule  --  at  the 
same  or  similar  flame  temperatures  -  meaning  it  is  more  important  to 
have  methylene  diluent  groups  in  molecules  other  than  the  NENA  itself. 

It  is  also  believed  to  be  significant  that  no  slope  breaks  or  pressure 
exponent  changes  were  observed  with  any  of  these  homogeneous  NENA 
nitramine  propellants  over  the  entire  pressure  range  tested,  and  in  some 
instances  this  was  from  2,000  to  50,000  psi. 

NITRAMINES 

To  help  in  understanding  the  enhanced  burning  rate  of  NENAs,  three 
aliphatic  nitramines  were  studied:  dimethyl  nitramine  (DMN),  diethyl 
nitramine  (DEN),  and  dimethyl  methylene  dintramine  (DMMD)  —  where 
no  other  energetic  moieties  are  present.  Structural  formulas  are  as  follows: 

NO^  NO^ 

CH3  -  N  -  CH3  CH3  -  CH^  -  N  -  CH^  ~  CH3 

DMN  DEN 


NO2  NO2 

CH3  -  N  --  CH^  --  N  -  CH3 

DMMD 

Because  of  the  lower  flame  temperature  (and  reduced  energy)  of  DMN  and 
DEN,  they  were  studied  at  a  lower  concentration  in  NC  than  the  NENAs. 
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Diethyl  nitramine  (DEN)  burned  as  fast  as  ProNENA  -  and  at  essentially 
the  same  flame  temperature  and  heat  of  explosion  -  when  compared  to 
NC,  the  flame  temperature  was  lowered  (by  more  than  600°K)  without 
affecting  the  burning  rate.  Obviously,  the  nitramine  moiety  contributes 
greatly  to  the  burning  rate,  as  can  be  seen  in  the  following  (where  Rate  is 
inches/second  at  40,000  psi): 


Nitramine 

Oex 

Tv 

Rate 

n 

NC  -  control 

930 

3040 

4.96 

0.883 

15%  DEN 

733 

2436 

4.89 

0.998 

40%  ProNENA 

749 

2453 

4.72 

1.022 

Dimethyl  nitramine  (DMN),  having  a  more  favorable  oxygen  balance,  was 
slightly  hotter  and  faster  burning  than  DEN  —  not  entirely  unexpected. 
DMN  is  similar  to  ProNENA  in  both  flame  temperature  and  heat  of 
explosion,  yet  its  burned  appreciably  faster  —  and  almost  as  fast  as 
EtNENA  (which  is  hotter  and  more  energetic).  Results  observed  (at  40,000 
psi)  are  as  follows: 


Nitramine 

Oex 

Tv 

Rate 

n 

NC  -  control 

930 

3040 

4.96 

0.883 

30%  DMN 

796 

2542 

5.77 

0.940 

40%  EtNENA 

867 

2741 

5.95 

1.005 

Dimethyl  methylene  dinitramine  (DMMD)  with  two  nitramine  groups  per 
molecule  is  more  energetic  than  either  DMN  or  DEN.  It  was  studied  at  a 
concentration  of  50%  in  NC,  and  found  to  bum  much  like  MeNENA  — 
only  cooler  by  more  than  300°K.  Results  observed  (at  40,000  psi)  are  as 
follows: 


Nitramine 

Oex 

Tv 

Rate 

n 

NC  -  control 

930 

3040 

4.96 

0.883 

50%  DMMD 

893 

2804 

7.71 

1.008 

40%  MeNENA 

993 

3094 

7.33 

0.941 

The  nitramines  DMN,  DEN,  and  DMMD  appear  to  be  excellent  ingredients 
for  adjusting  the  burning  rate  of  NC  propellants  with  little  or  no  affect  on 
flame  temperature. 

In  addition  to  the  three  nitramines  just  mentioned,  another  key  compound 
was  studied  —  the  well  known  DINA  (l,5-dinitrato-3-nitrazapentane). 
DINA  contains  two  nitrate  esters  plus  one  nitramine  group  —  it  can  be 
considered  to  be  a  derivative  of  DEN  with  a  nitrate  ester  on  each  end  --  or 
as  a  derivative  of  EtNENA  with  a  nitrate  ester  on  the  other  end,  as  shown 
in  the  following  formula:. 
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NO2 

O^NO  -  CH^  -  CH2  --  N  -  CH2  -  CH2  -  ONO2 
DINA 

Although  DINA  is  a  solid,  melting  at  51-52°C.  it  is  soluble  in  NC  in  quite 
high  concentrations.  Strands  were  prepared  of  40%  DINA  in  NC  (at  ^e 
same  level  as  for  the  NENAs),  and  burned  at  pressures  from  4,000  to 
50,000  psi. 

As  to  be  expected  from  such  a  very  energetic  (Qex  =  1337  cal/g)  molecule, 
DINA  increased  the  flame  temperature  considerably  —  but  did  not  bum 
appreciably  faster  than  DMMD  which  is  more  than  500°K  cooler.  Results 
observed  at  40,000  psi  in  comparison  with  others  are  as  follows: 


Nitramine 

Qex 

Tv 

Rate 

n 

NC  -  control 

930 

3040 

4.96 

0.883 

40%  EtNENA 

867 

2741 

5.95 

1.005 

40%  MeNENA 

993 

3094 

7.33 

0.941 

50%  DMMD 

893 

2804 

7.71 

1.008 

40%  DINA 

1083 

3369 

8.18 

0.923 

It  appears  that  the  two  nitrate  ester  groups  in  DINA  may  be  dominant  over 
the  nitramine  group  in  determining  the  burning  rate. 

Azides 

About  the  same  time  the  NENAs  and  other  nitramines  were  being  studied, 
there  were  extensive  studies  on  aliphatic  azides  at  several  different 
laboratories.  Azides  represent  a  substantial  increase  in  energy  over  nitrate 
esters.  Typically,  the  azide  moiety  contributes  nearly  +117  kcal/mole  to  the 
heat  of  formation  when  azide  is  substituted  for  the  nitrate,  and  almost  +80 
kcal/mole  when  azide  replaces  a  hydrogen.  The  combined  effects  of  azide  + 
nitramine  in  the  same  molecule  made  for  extremely  impressive  molecules. 

One  diazido  nitramine  studied  quite  extensively  in  the  early  1980s  was 
DANPE  (also  known  as  DIANP)  with  the  following  structure: 

NO2 

N3  -  CH2  -  CH2  -  N  -  CH2  --  CH2  --  N3 


DANPE 
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In  a  sense,  where  DINA  can  be  considered  to  be  a  dinitrato  version  of 
EtNENA,  DANPE  is  a  diazido  version.  Both  DINA  and  DANPE  can  be 
considered  derivatives  of  DEN.  DANPE  is  easily  prepared  from  DINA  by 
reacting  with  sodium  azide,  and  the  resulting  DANPE  is  a  liquid  which 
readily  plasticizes  NC  in  all  proportions.  One  of  the  most  notable  features 
of  DAOTE  is  fast  burning,  and  a  comparison  with  the  precursors  is  shown 
below  (at  40,000  psi): 


Compound 

Oex 

Tv 

Rate 

n 

15%  DEN 

733 

2436 

4.89 

0.998 

40%  EtNENA 

867 

2741 

5.95 

1.005 

40%  DINA 

1083 

3369 

8.18 

0.923 

40%  DANPE 

830 

2857 

11.74 

0.822 

From  this  comparison,  it  is  seen  that  addition  of  a  nitrato  group  (in 
EtNENA)  increases  the  burning  rate  about  22%,  while  adding  a  second 
nitrate  (in  DINA)  produces  a  37%  increase  in  burning  rate.  Even  more 
impressive  is  the  substitution  of  both  azides  for  nitrate  (in  DANPE)  which 
produced  an  additional  44%  increase  in  rate  —  with  a  simultaneous 
reduction  in  flame  temperature  of  almost  500°K. 

Since  the  flame  temperature  of  DANPE  is  not  appreciably  higher  than 
EtNENA  (only  lOO'^K)  ~  and  an  increase  in  temperature  occurred  with  the 
second  nitrate  (in  DINA),  one  might  say  that  the  increase  in  burning  rate 
(observed  with  DINA)  may  have  largely  been  due  simply  to  the  increased 
temperature. 

Extrapolation  of  the  40%  DANPE  burning  rate  to  lower  pressures  to 
compare  it  with  literature  values  for  40%  NG  double-base  propellants  such 
as  JPN  (or  JPT)  reveals  that  40%  DANPE  and  NG  bum  at  the  same  rate  of 
1.2  inches/second  at  2500  psi  -  though  they  have  vastly  different  flame 
temperatures  (2857  vs  3900°K). 

Mixtures  of  DANPE  with  MeNENA,  DINA,  and  RDX  (with  NC  as  the 
binder)  showed  that  DANPE  was  the  controlling  factor  in  determining  the 
burning  rate.  For  instance,  the  following  results  (listed  in  order  of 
decreasing  burning  rate  at  40,000  psi)  were  obtained  with  equal  parts  of 
DANPE  and  other  nitramines  at  a  total  concentration  of  40%: 


Additive 

DANPE 

DANPE+RDX 

DANPE+DINA 

DANPE+MeNENA 

DINA 

MeNENA 

RDX 


Oex 

Tv 

830 

2857 

962 

3166 

957 

3113 

912 

2957 

1083 

3369 

993 

3094 

1093 

3436 

Rate 

n 

11.74 

0.822 

9.80 

0.898 

9.58 

0.887 

9.23 

0.917 

8.18 

0.923 

7.33 

0.941 

7.12 

1.062 
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The  burning  rate  of  40%  RDX  in  NC  is  not  as  high  as  expected  considering 
the  high  Qex  and  Tv  values.  NC-NG  of  these  same  values  will  bum  at  about 
9.0  inches/second  -  approx  26%  faster  than  the  observed  RDX  rate.  The  fact 
that  RDX  does  not  bum  as  fast  as  NC-NG  has  been  perplexing  to  propellant 
chemists  for  several  decades.  Much  effort  has  been  expended  looking  for 
ways  to  change  the  combustion  behavior  of  RDX  with  no  success  until 
DANPE  and  other  organic  azides  came  on  the  scene. 

There  has  been  some  research  on  the  azide  derivative  of  EtNENA  -  it  is 
known  as  EtAENA  (ethyl  azido  ethyl  nitramine),  but  no  burning  rate 
information  is  known.  One  might  expect  EtAENA  to  exhibit  a  rate  of  8-10 
inches/second  at  40,000  psi. 

GAP 

Another  interesting  azide  whose  combustion  has  been  examined  at  high 
pressure  is  glycidyl  azide  plasticizer/polymer,  commonly  known  as  GAP.  It 
was  studied  at  two  different  concentrations  in  NC,  and  found  to  bum  as 
follows  (at  40,000  psi): 


%  GAP 

Qex 

Tv 

Rate 

n 

NC  -  control 

930 

3040 

4.96 

0.883 

20%  GAP 

723 

2476 

5.19 

0.823 

30%  GAP 

609 

2193 

5.94 

0.766 

Higher  concentrations  were  not  studied  because  GAP  is  so  oxygen  deficient 
that  the  0/C  ratio  quickly  falls  under  1.00  above  40%  GAP  in  NC.  From 
these  data,  it  is  readily  seen  that  the  rate  increases  as  the  flame  temperature 
decreases  —  much  like  DANPE.  And  the  pressure  exponent  also  decreases 
"  much  more  than  was  seen  for  DANPE.  GAP,  in  the  above  tests,  was 
burned  over  the  pressure  interval  of  2,000  to  50,000  psi  (13.8  to  345  MPa) 
and  found  to  have  a  constant  pressure  exponent  over  the  entire  interval. 

Comparing  GAP  with  the  NENAs,  it  is  seen  that  20%  GAP  has  about  the 
same  flame  temperature  as  40%  ProNENA  (2476  vs  2454°K) ,  yet  bums 
about  10%  faster.  Even  more  impressive  is  30%  GAP  with  about  the  same 
flame  temperature  as  40%  BuNENA  (2193  vs  2245°K),  yet  30%  GAP  bums 
50%  faster. 

Neat  GAP,  with  an  empirical  formula  of  C^H^ON^  is  quite  oxygen  deficient, 
yet  bums  rather  fast  at  atmospheric  pressure  with  no  residue.  Flanagan  and 
Beckstead  report  that  neat  GAP  bums  at  0.80  inch/second  at  1,000  psi  (6.9 
MPa)  with  a  pressure  exponent  of  0.45  over  the  pressure  interval  500  to 
2,000  psi.  Extrapolating  the  GAP  concentration  data  above  to  neat  GAP 
indicates  a  burning  rate  of  at  least  9-10  inches/second  (at  40,000  psi)  with  a 
pressure  exponent  of  about  0.6 


OTHER  AZIDES 


At  least  two  other  energetic  aliphatic  azides  have  been  found  of  interest  in 
propellant  research  studies  where  they  offer  high  specific  impulse  to  rocket 
propellants  and  high  impetus  for  gun  propulsion:  DADNH  (l,6-diazido-2,5- 
dinitrazahexane)  and  DATH  (l,7-diazido-2,4,6-trinitrazaheptane). 

Though  both  DADNH  and  DATH  have  been  in  existence  for  over  25  years, 
and  are  known  to  be  significantly  faster  burning  than  nitrate  esters,  their 
combustion  behavior  has  not  been  well  reported.  Structural  formulas  are  as 
follows: 


NO2  NO2 

N3  -  CH2  --  N  -  CH2  -  CH2  --  N  -  CH2  -  N3 
DADNH 


NO2  NO2  NO2 

N3  -  CH2  --  N  -  CH2  --  N  -  CH2  --  N  -  CH2  -  N3 

DATH 

Burning  rate  studies  of  both  of  these  diazides  are  available  only  at  rocket 
operating  pressures  of  400  to  4,000  psi  (2.76  to  27.6  MPa).  Both  DADNH 
and  DATH  are  soluble  in  NC  to  about  30%,  hence  it  is  possible  to  make 
homogeneous  propellants  (with  no  solid  phases).  In  studies  at 
Hercules/Allegany  Ballistics  Laboratory  in  the  early  1970s  with  DADNH  and 
a  dimethoxy  analog  known  as  DMDTH,  the  following  burning  rates  were 
observed  at  2,000  psi  (13.8  MPa)  --  the  pressure  interval  from  400  to  4,000 
psi  was  examined: 


Nitramine 

Oex 

Tv 

Rate 

n 

35%  DMDTH 

729 

2387 

0.25 

0.64 

NC  -  control 

930 

3040 

0.32 

0.64 

1:1  DMDTH:DADNH 

766 

2587 

0.57 

0.58 

35%  DADNH 

1005 

3302 

5.00 

0.60 

It  is  readily  apparent  that  DADNH  bums  extremely  fast.  Extrapolation  (with 
no  increase  in  pressure  exponent)  indicates  that  35%  DADNH  would  bum  at 
30  inches/second  at  40,000  psi. 
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From  studies  of  DATH  at  Rocketdyne,  the  following  were  observed  for  75% 
DATH  in  25%  NC  (Qex  =  1166  cal/g  and  Tv  =  381 1°K)  where  the  rates  are 
in  inches/second  at  1,000  and  2,000  psi: 

R@100Q  Dsi  R(5)2000  psi  ji 
0.68  1.25  0.88 

Extrapolation  (with  no  change  in  pressure  exponent)  indicates  1 8 
inches/second  at  40,000  psi  --  considerably  less  than  for  35%  DADNH.  It  is 
obvious  that  more  study  of  DADNH  and  DATH  is  needed  to  determine  their 
burning  rate  behavior.  It  also  has  been  reported  that  relatively  small  amounts 
of  DATH  mixed  with  large  amounts  of  RDX  yield  rather  high  burning  rates 
-  actual  numbers  are  unknown. 

It  has  long  been  known  that  the  fastest  burning  organic  azide  in  the  literature 
is  TATNB  (triazido  trinitrobenzene)  where  researchers  at  Arthur  D.  Little 
reported  (in  1956)  that  it  burned  at  5.0  inches/second  at  1,000  psi.  Pressure 
exponent  was  not  reported  —  but  if  it  were  typically  0.9,  a  rate  greater  than 
100  inches/second  at  40,000  psi  would  be  predicted.  In  the  same  report,  A.D. 
Little  researchers  observed  nitramino  triazole  to  bum  at  1.7  inches/second, 
ortho-nitrophenyl  azide  to  bum  at  1.2  inches/second,  and  meta-nitrophenyl 
azide  to  bum  at  0.6  inch/second  at  1 ,000  psi. 


CONCLUSIONS 

From  this  collection  of  burning  rate  information,  it  is  clear  that  nitramines 
bum  faster  than  their  nitrate  ester  counterparts  -  and  azides  bum  even  faster 
-  when  compared  at  the  same  flame  temperature.  The  burning  rate  of  azides 
also  appear  to  be  less  sensitive  to  pressure.  These  classes  of  ingredients  now 
offer  the  opportunity  for  the  propellant  formulator  to  tailor  to  a  much  wider 
range  of  burning  rates  without  the  usual  associated  flame  temperature  or  heat 
of  explosion  changes. 
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Term 

BuNENA 

DADNH 

DANPE 

DATH 

DB 

DBF 

DEGDN 

DEN 

DIANP 

DINA 

DMDTH 

DMMD 

DMN 

EC 

EtAENA 

EtNENA 

GAP 

Impetus 

MeNENA 

2nDPA 

NENA 

NC 

NG 

OB 

O/C 

PeNENA 

ProNENA 

PVN 

Qex 

RDX 

RES 

TATNB 

TEGDN 

Tv 


GLOSSARY 


Definition 

Butyl  nitrate  ethyl  nitramine 

1 .6- diazido-2,5-dinitrazahexane 

1.5-diazido-3-nitrazapentane;  azido  derivative  of  DINA 

1 .7- diazido-2,4,6-trinitrazaheptane 
Double  base;  usually  NC  +  NG 
Dibutyl  phthalate 

Diethylene  glycol  dinitrate 
Diethyl  nitramine 

1.5- diazido-3-nitrazapentane;  also  known  as  DANPE 
L5-dinitrato-3-nitrazapentane;  dinitroxy  ethylnitramine 

1.6- dimethoxy-2,5-dinitrazahexane 
Dimethyl  methylene  dinitramine 
Dimethyl  nitramine 

Ethyl  centralite;  sym-diethyl  diphenyl  urea 

Ethyl  azido  ethyl  nitrate;  azido  derivative  of  EtNENA 

Ethyl  nitrate  ethyl  nitramine 

Glycidyl  azide  polymer/plasticizer 

Force  constant  in  joules/gram 

Methyl  nitrate  ethyl  nitramine 

2-nitrodiphenyl  amine;  stabilizer  for  nitrate  esters 

Nitrate  ethyl  nitramine  moiety 

Nitrocellulose 

Nitroglycerin 

Oxygen  balance  to  C02  +  H20  in  grams  of  [0]  per  100  gm 

Ratio  of  molecular  oxygen  to  carbon 

Pentyl  nitrate  ethyl  nitramine 

Propyl  nitrate  ethyl  nitramine 

Poly  vinyl  nitrate 

Heat  of  explosion  in  cal/gram;  also  known  as  Hex  and  HOE 

Cyclotrimethylene  trinitramine;  hexogen;  cyclonite 

Resorcinol;  stabilizer  for  nitrate  esters 

Triazido  trinitro  benzene 

Triethylene  glycol  dinitrate 

Isochoric  flame  temperature  in  °K 
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Zeitlich  prazise  Mehrfach-lnitiierung  mit  Ziindschlauchen 
(Shock  Tubes)  NONEL  und  INDET 


H.-U.  Freund 
W.  Horning 
G.  Altmann 


Baltelle 

Ingeniouilechnils  C]inh 


Dusseldorfer  Strafie  9 

Einleitung  und  Zusammenfassung  65760  Eschbom 

Zundschlauche  (eng!.  Shock  Tubes)  sind  als  nicht-elektrische  Zundmittei  seit  vielen  Jahren 
auf  dem  Markt;  das  Produkt  NONEL  ist  auch  in  Deutschland  zugelassen.  Zundschlauche 
werden  ubiicherweise  in  Verbindung  mit  geeigneten  pyrotechnischen  Verzdgerungsstufen 
im  Tunnelbau  und  bei  Gesteinssprengungen  eingesetzt.  Ein  Vorteil  ist  die  sehr  geringe 
Sprengstoffmenge  pro  Langeneinheit,  die  bei  der  Detonationsweiterleitung  die  Hulle  der 
Schnur  unversehrt  lalit.  Die  hier  vorgesteliten  Untersuchungen,  bei  denen  zur  Diagnostik 
Rontgenblitzfotografie  und  Kurzschluli-Kontakte  (Mikropins)  eingesetzt  wurden,  zeigen, 
daS  bei  geeigneter  Auslegung  auch  eine  hohe  zeitliche  Prazision  der  Zundubertragung 
erreichbar  ist.  Damit  erschlieBen  sich  neue  Anwendungsbereiche. 


Ergebnisse 

NONEL  und  INDET  stellen  geeignete  Ubertragungsmittel  zur  Mehrfachinitiierung  von 
Sprengladungen  mit  zeitlicher  Prazision  von  <  10  a/s  dar.  Bei  INDET-Tests  erwies  sich  die 
zeitliche  Prazision  der  Zundweiterleitung  unbeeinfluRt  von  starken  Krummungen  des 
Schlauchs  bis  hin  zum  180°-Knick.  Alle  Zundschlauche  entstammten  jeweils  einem  einzi- 
gen  Fertigungslos.  Damit  die  angegebene  Zeitschwankung  eingehalten  bleibt,  sind  folgen- 
de  Empfehlungen  beim  Aufbau  einer  Ztindkette  zu  beachten: 

1.  Die  Zundubertragung  auf  die  Sprengiadung  mufi  iiber  eine  verzdgerungslose 
Sprengkapsel  und  Ubertragungsiadung  (PETN)  vorgenommen  werden. 

2.  Die  NONEL-Schnure  sind  prazise  auf  die  geforderte  Lange  zu  schneiden. 

3.  Die  simultane  Initiierung  mehrerer  Zundschlauche  mulJ  "end-on"  mittels  einer 
Sekundarladung  (Verteilerladung)  ausreichender  GroBe  (bei  5  Schnuren  beispiels- 
weise  10  g)  erfolgen. 

Ober  die  durchgefuhrten  Tests  wird  im  einzelnen  berichtet. 


Hersteller-Produktbezeichnungen 
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SOLID  PROPELLAM?  COMBUSTION.  MODELING  OP  GAS-PHASE  PRODUCTS  AND 
MICROPARTICLE  PORMATION  AND  FIRE  SUPPPJBSION  APPLICATIONS 

Dmitrii  Voropaev,  Igor  Zaslonko,  Vladimir  Smirnov 
Semenov  Institute  of  Chemical  Physios,  Russian  Academy  of 
Sciences,  Moscow,  Russia 

ABSTRACT 

Computer  model  aimed  at  simulating  the  gas -phase  and  aerosol 
particles  formation  in  solid  propellant  combustion  was  developed. 
Model  calculations  are  in  good  agreement  with  experimental 
measurements  of  mean  size  and  concentrations  of  combustion 
generated  particles.  Based  on  experimental  data  on  quenching  of 
small-scale  fires  in  laboratory  conditions,  2-D  gasdynamic 
modeling  of  suppression  of  liquid  fuel  fires  in  large-scale  semi- 
closed  combustion  chamber  with  the  use  of  solid  propellant 
aerosol  generators  was  performed. 


Introduction 

Kinetic  modeling  of  gas-phase  products  and  aerosol  particles 
formation  during  solid  propellant  combustion  incorporates  both 
the  dispergation  immediately  from  the  propellant  surface  and 
particiiLate  growth  from  the  gas-phase  species. 

Evidently,  it  is  unrealistic  to  try  to  work  out  detailed 
description  of  all  aspects  of  this  complicated  phenomena.  Instead 
of  that,  our  approach  is  based  on  a  detailed  gas-phase  kinetic 
block  including  the  above  mentioned  factors.  Especially 
difficult  problem  in  computer  modeling  is  simulation  of  kinetic 
processes  with  participation  of  solid  microparticles. 

Possibilities  of  our  approach  are  illustrated  by  several  actual 
examples:  (a)  formation  of  Al^O^  in  burning  of  rocket  propellant; 
(b)  formation  of  K2C0^  in  burning  of  solid  compositions  designed 
for  fire-suppression. 
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Verification  of  our  computer  modeling  results  was  performed 
based  on  comparison  with  experimental  observations  of  the  fire 
suppression  action  with  the  use  of  solid  propellant  combustion 
aerosols  as  applied  to  liquid  fuel  combustion  in  semi-closed 
volume . 

I.  Poimiation  and  Evaporation  of  the  Solid  Microparticles 

1.1  Simplified  Model  for  Burning  of  Solid  Propellant  Compositions 


The  primary  goal  of  this  section  is  to  model  schematically  the 
composition  of  combustion  products  flowing  from  the  burning  solid 
propellant  surface.  This  surface  serves  as  "flame  holder"  with  an 
assigned  combustion  rate. 

We  used  two  solid  propellant  compositions  PT-4  and  PAS11-8,  which 
are,  in  particular,  very  effective  for  fire  suppression 
applications.  The  conversion  of  solid  propellant  to  gas-phase 
products  and  aerosol  particles  was  schematically  presented  by  the 
following  overall  processes. 


PT-4  (element  composition,  mole/kg) 


26,508 

(0)  * 

14,190 

(H) 

7.5 

(N) 

17,73 

(0) 

6,237 

(K)  . 

^  4,608  (0) 

3,55  (CH^) 

'  3,75  (NJ 


14,18  (00) 


gasification 
products 

AH^  -  -2946.07  kJ/kg 


AH^  =  4,125  kJ/kg 
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PAS11-8  (element  composition,  mole/icg) 


1  variant 


26,33  (0)  ' 

5,07  (0^) 

16,51  (H) 

8,25  (CH^) 

38,1  (N) 

1,61  (K^) 

14,82  (C) 

* 

6,57  (CO) 

6,42  (K) 

3,21  (K,0)_„, 

27,09  (Cl)  . 

.2,71  (010^)  1 

2  variant 

■  8,36  (0^) 

8,25  (CH^) 

1.61  (N^) 

6,57 

3.21  (K^0)_, 
.  2,71  (CIO,) 


PAS1 1  -8 

AH^  853  kJ/ltg  AH^  =  -2205,6  kJ/kg  AH^  =  -1479  kJ/kg 

It  was  assumed  that  the  composition  of  gas-phase  products  is 
consistent  with  element  composition  of  solid  propellant  and  in  the 
course  of  propellant  gasification  the  methane  and  other  poorly 
combustible  components  are  predominantly  emitted  from  burning 
propellant  surface. 

1.2  Boundary  Conditions 

General  equations: 
dC. 

E.  =  -  D.  • — -  +  u-  C.  ,  (1.1) 

^  ^  dx  ^ 

where  is  the  diffusion  coefficient  (om^/s),  C^  is  the  concent¬ 
ration  of  the  ith  component  (mol/om^),  u  is  the  gas  flow  velocity 
(om/s),  X  is  the  distance  from  the  fuel  surface. 


=  W,  . 


(1.1) 


where  is  overall  disappearance  rate  of  i-th  component 

Wi  =  -Ci-  (E  %  +  E  kijCj)  +  E  - 

where  kj_  is  the  rate  constant  of  unimoleoular  reactions  of  C^  de¬ 
composition  (1/s),  k^^.  is  the  rate  constant  of  C^  interaction  with 
C^.  (cm^/mol/s),  k^  is  the  rate  constant  of  C^  formation  in  reac- 
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tion  between  and  C_. 

n  m 

dT 

h  =  -A - +  £  [H(T) 

dx 

-  H(0)]^-C^  . 

(1.4) 

dh 

~  =  E  Qi  . 

dx  ^ 

(1.5) 

Where  A,  is  the  heat-transfer  coefficient,  [H(T)  -  H(0)]j^  is  the 
heat  part  of  the  i-th  component  enthalpy  (kJ/mol ) . 


E  Qi  =  -  c^.  (E  +  E  kliQu-C.)  +  E 


where  q^,  q^^j,  q^  are  the  heat  effects  of  corresponding  reactions. 


A-P^-  p. 


Z  Z  Z  3  2  9 

propel  1000 

■p  ^^#i 

m'~wr 


.  (1.7) 


A  (cm/s)  and  V  are  parameters  in  the  expression  for  burning  rate. 


Laser  scattering  measurements  show  that  the  mean  size  of  solid 
particles  formed  in  the  course  of  solid  propellant  burning  are 
equal  to  about  0,2  [i.  Then,  the  concentration  of  solid  particles 
equals: 

P  0^  0 

N  =  - 4“^ - ^ ^  •  (1.8) 

For  example,  the  combustion  of  the  composition  PS-4  (first  vari¬ 
ant,  P  =  1  atm)  gives  N  w  1,8*10^  om“^ 


1.3  Modeling  of  Formation  and  Decomposition  of  K^CO^ 

Model  assumptions: 

(1  )  KNOg  decompose  due  to  the  contact  burning  on  the  KNO^  (liquid) 
-  organic  component  interfaces  of  propellant. 

(2)  Main  components  formed  in  gas-phase  state  are:  CH^O,  CH^,  00, 
and  H^,  0^,  N^.  Potassium  oxide  in  the  form  of  fine  liquid 
K^O  microparticles  of  variable  size. 


22 


5 


(3)  Bumout  of  products  take  place  in  the  gas  phase.  Interaction 
of  K^O  with  00^  leads  to  K^^COg  formation.  Other  potassium¬ 
bearing  particles  (mainly  KOH)  are  captured  by  K^CO^ 
particles  in  a  diffusion-controlled  regime. 

To  provide  a  possibility  for  describing  heterogeneous  proces¬ 
ses  in  the  framework  of  the  formal  kinetics,  we  propose  a  genera¬ 
lized  symbolic  form  of  kinetic  equations 

Njj.  +  KOH  ^  Njj.  +  21^  (KOH) 

Nj^  +  KOH  — Njj.  +  H^O 

K 

I^(KOH)  +  CO^  I^(C0J. 

where  Nj^,  the  concentration  of  dispersed  particles,  is  treated 
as  an  ordinary  gas-phase  species;  and  are  the  effective  con¬ 
centrations,  which  serve  only  for  designating  the  amount  of  the 
gas-phase  components  deposited  on  the  cluster  surface  and  do  not 
participate  in  any  chemical  transformations. 

The  mass  of  solid  particles  in  a  flame  was  calculated  by 
equation: 


O 

tg/om“)  =  - 

The  CO2  saturation  of  starting  particles  dispergated  from 
propellant  surfai^e  is  presented  by 


“k  +  ”k  * 


k.„  =  D- 


i®k)oio  - 


2.(N^)„i, 


.1/3 

■J  -N 


where  i^  and  are  the  initial  size  and  concentration  of  par- 

O  it  o 

tides. 


Thermal  decomposition  of  K^^COg  particles  was  modeled  by  the 
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simplified  scheme 


\  +  00^ 


k  =  4&D.N^(C0^)  N^, 


where  k  is  effective  decomposition  rate  constant  in  the  diffusion 
regime  expressed  via  reverse  process  and  equilibrium  constant,  D 
is  the  diffusion  coefficient  for  Brcvhiian  particles,  is  Avogad- 
ro  number. 


Nt(C02)  = - 


exp (14,7  -  30450/T) 


82,05'T 


where  N  (GO  )  is  the  equilibrium  00^  concentration  over  K  CO 

i  ^  2  2  3 

the  temperature  T. 


at 


Coagulation  was  presented  by  simplified  manner  reflecting  the  fact 
that  instead  of  two  disappearing  particles  emerges  only  one 
particle. 


1.4  Kinetic  Scheme  for  Gas-Phase  Reactions  of  K-bearing  Species 

In  order  to  identify  the  main  species,  which  play  a  dominant 
role  in  kinetic  behavior  of  reacting  system  with  K-bearing 
particles,  we  performed,  as  a  first  step,  thermodynamic 
calculations  of  equilibrium  compositions  for  some  ballistite  and 
composite  solid  propellants.  As  a  further  step,  we  composed  the 
kinetic  scheme  for  selected  species  which  presented  in  Table  1 . 


II.  Fire  Suppression  Efficiency  of  Propellant  Generated  Aerosols 

The  laboratory  fire  suppression  experiments  were  performed  in  a 
closed  chamber  with  small  diffusion  flames  of  n-heptane  and 
acetone,  which  were  quenched  by  aerosol  combustion  products  of 
solid  propellant  PAS-47b  composition.  Detailed  description  of 
these  experiments  is  presented  elsewhere  [4]  and  here  we 
formulate  only  the  main  experimental  findings: 

(1  )  Under  experimental  conditions  studied,  the  minimum  charge  of 
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solid  propellant  sample,  needed  for  quenching,  was  around  23g/rrr  • 

(2)  The  characteristic  quenching  time  strongly  depends  on  a 
sample  propellant  weight  .  Por  large  samples,  this  time  is  about 
the  time  of  the  propellant  sample  bum  out. 

(3)  The  quenching  time  for  acetone  was  about  twice  as  short  as 
that  for  heptane. 

(4)  The  repeated  spark  ignition  of  the  residual  unbumed  fuel  was 
successful  only  for  acetone,  but  not  for  heptane. 

(5)  The  percentage  of  K^OO^  -  aerosol  evolved  during  PAS-47 
propellant  combustion  was  12  4-  15  %i  the  rest  is  gas-phase 
products  and  solid  nonvolatile  residue. 

(6)  According  to  laser  scattering  measurements,  the  mean  size  of 
aerosol  particles  is  equal  to  0,2  }i. 

(7)  Critical  particle  concentration  for  fire  suppression  with 

7 

aerosol  generated  by  the  PAS-47  burning  was  evaluated  at  2,5*10' 

-3 

cm 

Some  conclusions  on  mechanism  of  fire  suppression: 

(a)  Theimial  factors  in  fire  quenching  are  of  minor  importance. 

(b)  Main  factor  determining  the  fire-suppression  action  is 

chemical  prohibition  caused  by  both  radical  teiroination  on  a 
microparticle  surface  of  K^CO^  and  K^O  or  gas-phase  inhibition  by 
potassium-containing  species.  Estimates  of  a  maximum  rate  of  the 
radical  termination,  under  conditions  of  our  experiments  lead  to 
value  of  w  1 0^  s""*^ . 

Ill  Computer  Modeling  of  Pire  Suppression  Action 

The  kinetic  scheme  for  computer  modeling  includes  the  following 
basic  blocks: 

(a)  Gas-phase  reactions  for  49  species  describing  chemical 
kinetics  in  C^  C^-hydrocarbons/O^  systems. 

(b)  Kinetic  submodel  describing  the  emission  of  microparticles 
and  gas  products  from  surface  of  burning  solid  propellant  (see 
above ) . 

(0)  Kinetic  processes  with  participation  of  solid-phase 
particles. 

The  set  of  equations  presented  above  was  solved  numerically  for 
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Bome  fire  suppressing  situations  which  are  briefly  illustrated 
below. 

As  the  first  step,  the  validity  of  our  gas-phase  methane 
combustion  model  was  verified  by  comparison  with  experimental 
data  on  ignition  delays  in  shock  tubes.  Then,  we  performed 
calculations  of  Inhibition  of  methane  combustion  by  K  GO 
aerosols  and  some  results  are  presented  in  the  Tables  2,3. 

Table  2.  Dependence  of  ignition  delay  on 
K^COg  aerosol  concentration  (T  =  1300 
K,  d  =  2  p..) 


Concentration 

of  K^co,,  g/m® 

"ig  • " 

T.  /  T 
Ig  0 

0 

0,0079 

1,0 

0,28 

0,011 

1.39 

2,8 

0,023 

2,95 

13.2 

0,06 

7,5 

27.9 

0.07 

_ 8,7 . 

Table  3.  Dependence  of  ignition  delay  on 
mean  size  of  aerosol  particles  (T  = 

1300  K,  [K^OO^l  =  27,9  g/m®) 


d,  |1 

T,  S 

1 

0,074 

1,0 

2 

0,069 

0,93 

4 

0,065 

0,89 

10 

0,06 

0,8 

Comparing  the  experimental  and  calculated  results  we  concluded 
that  the  proposed  model  satisfactory  describes  the  main  features 
of  the  methane  combustion  inhibited  by  solid-propellant -generated 
K,.C0„  aerosols. 

2  9 

IV.  Computer  Modeling  of  Gasdynamics  and  Thermal  Processes  in  the 
Course  of  Fire  Suppression  in  Large  Semi-Closed  Volumes 

1 .  The  dimensions  of  the  experimental  box  are  as  follows:  the 
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length  is  6,5  m;  the  hei^t  is  4,5  m;  the  width  is  2,85.  The 
volume  of  the  boz  is  83,4  m®.  The  embrasure  is  2,0  m  in  width  and 
2,7  m  in  height  (Pig.2). 

2.  Six  aerosol  generators  are  placed  in  this  box.  4  units:  mean 
discharge  is  76  g/s,  performance  term  (PT)  is  66  s.  2  units:  mean 
discharge  is  137  g/s,  PT  is  73  s.  Total  discharge  is  578  g/s.  The 
arrangement  of  the  generators  and  fire  sources  are  shown  in 

Pig. 2.  Surface  of  blaming  gasoline  is  2  m*.  Overall  gasoline 
consumption  Is  100  g/s 

3.  The  gasoline  combustion  was  modeled  by  well-stirred  reactor 
approximation.  Taking  into  account  that  characteristic  combustion 
time  under  considered  conditions  was  much  shorter  than 
characteristic  gas-dynamic  time,  the  composition  of  combustion 
products  was  calculated  via  chemical  equilibrium  assumption. 

The  flow  field  in  the  experimental  box  was  determined  by  solution 
of  gas-dynamic  equations  in  two-dimension  plane  approximation. 

The  main  results  of  computer  modeling  of  gas-dynamic  behavior  are 
as  follows; 

(1 )  The  air  in  the  box  has  been  dislodged  by  combustion  products 
during  8  s.  After  that  moment,  the  inflow  of  air  into  the  boz 
through  the  bottom  part  of  the  embrasure  and  the  outflow  of  the 
products  through  the  upper  part  was  fairly  stabilized. 

(2)  The  steady-state  regime  of  the  gas-dynamic  processes 
continued  for  ~30  s  with  the  following  parameters: 

-  the  density  of  gasoline  combustion  products  and  air  in  the  fire 
are  260  g/m^  and  65  g/m  ,  respectively; 

-  the  temperature  at  the  distance  of  0,5  m  from  the  fire  source 
is  1100  K,  that  was  consistent  with  experiments; 

-  flow  rate  over  fire  source  is  3,7  m/s; 

-  inflow  in  the  box  and  outflow  in  the  atmosphere  are  0,7  m/s  and 
0,25  m/s,  respectively. 

The  fire  suppressing  generators  were  switched  at  t  »  80  s. 
Calculated  results  for  as  a  function  of  time  after  switching 
the  generators  are  listed  below. 
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t ,  s 

1 

5 

10 

16 

20 

30 

36 

38 

39 

40 

0,5 

11 

16,9 

22,8 

43,9 

47,7 

51,6 

T,  K 

■ 

IH 

■ 

n 

593 

To  determine  the  moment  of  fire  quenching  we  used  the  above 
results  on  oritioal  quenching  concentration  measured 
experimentally  for  heptaiie  combustion  equal  qpg  ~23  g/m^  (see 
above);  qpg  is  the  actual  density  of  solid  propellant  combustion 
products  containing  about  30%  of  fire  suppressing  K^OO^  aerosols. 
Note  that,  the  widely  accepted  qpg  value  in  Russian  fire 
suppressing  practice  is  about  50  g/wr .  This  fact  was  the  reason 
why  the  oaloulations  presented  in  the  above  table  vyere  performed 
up  to  time  attaining  Qpg  level  about  50  g/nP . 

The  main  results  of  computer  modeling  on  the  fire  suppression 
action  are  as  follows: 

(1 )  noticeable  fire  quenching  starts  at  25  s  after  generator  is 
switched  on; 

(2)  duration  of  overa]l  quenching  ranges  from  25  to  40  s; 

(3)  teimlnatlon  stage  in  gasoline  combustion  occurs 
within  50  T  60  s  (from  moment  the  generator 
switching  on). 

The  calculation  results  are  consistent  with  the  experimental  data 
on  fire-suppression  under  full-scale  experimental  conditions. 

This  work  in  particular,  is  a  good  illustration  of  solution  of  so 
called  scaling  problem.  Thus,  ofu?  approach  based  on  laboratory 
investigation  of  fire  suppression  followed  by  computer  modeling  of 
full-scale  fire  suppression,  using  the  laboratory  data  as  input 
parameters  is  rather  promising. 
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Plane  sohematio  diagram  ot  the  sem5.-olosed  experimental 
ohamber  with  gasoline  lire  soin?ce  and  the  fire-suppressing 
aerosol  generators  disposal 
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Table  1 


No 

Reactions* 

Lg  A 

n 

Ref 

1 

K  + 

Cl  +  M 

KOI  +  M 

20,25 

-1.0 

0,0 

[1] 

2 

K  + 

H,0 

7: 

KOH  +  H 

13,6 

0.5 

37,7 

[2] 

3 

K  + 

OH  +  M 

—  KOH  +  H  +  M 

22,84 

-2.0 

0,0 

[2] 

4 

K  + 

0  — >  KO  -I-  0 

2 

12,8 

0,5 

53,6 

[3] 

5 

K  + 

0  +  M 

KO^  +  M 

21.73 

-1,32 

0,0 

[2] 

6 

K  + 

HO,-. 

KO  +  OH 

12,8 

0,0 

1.99 

[1] 

7 

K  + 

HO,^ 

KOg  +  H 

12,8 

0,0 

7.0 

t3] 

8 

K  + 

HCl 

KOI  +  H 

14.38 

0.0 

8.5 

[2] 

9 

K  + 

KOH  — 

K^O  4-  H 

14,5 

0,0 

3A.0 

est 

10 

K  + 

K0„ 

KO  4-  KO 

14,0 

0.0 

10,0 

est 

11 

KO  ■ 

f  H  — ^  K  +  OH 

12,8 

0,0 

3.2 

[31 

12 

KO  • 

f  OH  ^ 

KOH  4-  0 

8,4 

1,A 

0,0 

[3] 

13 

KO  +  no  — ‘ 

K  4-  00, 

2 

7.3 

1.3 

0,0 

[3] 

14 

KO  - 

f  no  — ‘  KOH  +  0, 

2  2 

13.5 

0.0 

0,0 

[3] 

15 

KO  - 

0  +  M 

—  KO^  4-  M 

19.2 

-1,0 

0,0 

[3] 

16 

KO  - 

f  H  4-  ?,T 

— »  KOH  4-  M 

22,6 

-2.0 

0,0 

[3] 

17 

KO  ■ 

r  n 

KOH  4-  H 

14,28 

0,0 

1,5 

[2] 

18 

KO  - 

f-  OH  —  K  +  OH  0 
a  3 

13.5 

0,0 

1,5 

est 

19 

KO  - 

r  CH  — >  KOH  4-  OH 

4  a 

12,1 

0,0 

3.5 

[33 

20 

KO  +  OH  0  KOH  +  CHO 

13,8 

0.0 

1,0 

[33 

21 

KO  - 

J-  HCl  KOH  +  01 

14,23 

0,0 

0,0 

[23 

22 

KO  - 

f  H^O  - 

^  KOH  4-  OH 

11,7 

0.5 

0,0 

[2] 

23 

KO, 

+  0 

KO  +  0^ 

13,8 

0,0 

1,0 

[33 

24 

+  01 

'  KOI  +  0^ 

13.8 

0.0 

0,0 

[33 

25 

KO, 

+  00 

>  KO  4-  CO 

2 

13,8 

0,0 

23,0 

[33 

26 

KO, 

+  H 

KO  4-  OH 

12,32 

0,5 

0,0 

[23 

27 

KO, 

+  OH  — * 

-  KO  4-  HO 

9.8 

1,0 

42.6 

[33 

28 

KO, 

+  HCl  KOI  +  HO^ 

14,14 

0,0 

0,0 

[23 

29 

KOH 

+  01  KOI  +  OH 

13.8 

0,0 

10,0 

[33 

30 

KOH 

4-  HCl  ~ 

KOI  4-  H^O 

12,23 

0,0 

0,0 

[23 

31 

K^O 

4-  M  — 

K  4-  KO  4-  M 

20,6 

-2,05 

03 

ro 

• 

o 

oalo 

*  k  =  A‘T^-exp(-E^/RT); 

A  [oro^/mol/sl,  T  [K] ,  [koal/mol] 
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ABSTRACT 

Recent  developments  in  thermal  analysis  techniques  for  the  characterisation 
of  pyrotechnic  systems  are  discussed.  A  high  temperature  differential  scanning 
calorimeter  is  described  which  enables  pyrotechnic  systems  to  be  studied,  under 
both  ignition  and  non-ignition  conditions,  over  the  temperature  range  ambient  to 
970°C,  at  heating  rates  up  to  50°C  min'^.  For  studies  at  faster  heating  rates,  a 
time  to  ignition  apparatus,  where  the  sample  is  introduced  into  a  pre-heated 
furnace,  is  used.  For  both  units,  difficulties  in  defining  the  ignition  temperature 
have  been  eliminated  by  the  use  of  a  photodetector  system. 

A  thermomicroscopy  system  is  also  described  which  can  be  used  to  aid  the 
characterisation  of  pyrotechnic  systems  and  their  components,  under  reflected 
light,  at  sample  temperatures  of  up  to  950°C.  In  addition  to  recording  the 
observations  using  a  colour  video  camera,  in  conjunction  with  a  time-lapse  video 
recorder,  measurements  can  also  be  made  of  the  intensity  of  the  light  reflected 
from  the  sample  surface  as  a  function  of  temperature. 
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INTRODUCTION 

Thermal  analysis  techniques,  in  which  a  property  of  a  material  is  measured 
as  that  material  is  heated  or  cooled  at  a  controlled  rate,  are  important  methods  for 
the  characterisation  of  materials  (1,2).  Differential  scanning  calorimetry  (DSC)  and 
differential  thermal  analysis  (DTA)  where  the  energy  changes  in  a  system  are 
measured  as  a  function  of  temperature,  are  the  most  widely  used  of  these  methods 
and  have  been  applied  extensively  to  study  pyrotechnic  systems  (3).  Studies  have 
been  carried  out  under  ignition  conditions,  where  the  sample  undergoes  a 
combustion  reaction,  and  under  non-ignition  conditions,  usually  achieved  by 
reducing  the  heating  rate  and  sample  weight,  when  the  single  peak  seen  on  ignition 
may  be  resolved  into  several  reaction  stages. 

In  this  paper  we  describe  the  development  of  a  DSC  system,  designed  to 
carry  out  measurements  under  both  ignition  and  non-ignition  conditions,  in  the 
sample  temperature  range  up  to  970'’C.  In  addition  to  the  DSC  studies,  recent 
developments  in  time  to  ignition  and  thermomicroscopy  instrumentation  will  also 
be  discussed. 

DIFFERENTIAL  SCANNING  CALORIMETRY 

We  have  previously  reported  on  the  development  of  a  differential  thermal 
analysis  unit  for  the  study  of  pyrotechnic  systems  under  ignition  conditions  (4,5). 
The  criteria  for  the  design  were  to  develop  a  head  assembly  which  would:-  (a) 
minimise  heat  losses  from  the  sample  and  hence  promote  ignition,  (b)  provide 
reproducible  temperature  measurements  over  a  large  number  of  experiments  and 
(c)  resist  attack  from  ignition  products. 

Although  the  original  design  performed  very  satisfactorily  over  a  long  period, 
it  was  decided  that  there  would  be  significant  advantages  in  upgrading  the 
instrument  to  incorporate  a  heat  flux  DSC  head.  In  addition  to  providing  better 
reproducibility,  the  DSC  technique,  where  the  signal  is  given  directly  in  mW,  would 
also  reflect  the  correct  relative  magnitude  of  the  reaction  peaks  at  different 
temperatures.  This  is  in  contrast  to  DTA  where  the  instrument  sensitivity  decreases 
as  a  function  of  temperature  (6). 

A  cross-section  of  the  apparatus  is  shown  in  Fig.1 .  For  ignition  studies  the 
sample  and  reference  materials  are  contained  in  flat-bottomed  quartz  crucibles  (C) 
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20mnn  in  height  and  6mnn  in  diameter.  The  crucibles  rest  on  a  heat  flux  DSC  plate 
(T)  which  forms  part  of  the  thermocouple  measuring  circuit.  The  plate,  which  is 
fitted  with  ears  to  locate  the  crucibles,  is  in  direct  contact  with  the  inconel  DSC 
block  (H)  which  is  supported  on  a  four-bore  alumina  rod  (R)  carrying  the 
thermocouple  leads.  The  removable  inconel  lid  (L)  keeps  the  crucibles  in  place  and 
prevents  ejected  ignition  products  from  attacking  the  plate. 

Light  from  an  ignition  reaction  is  transmitted  to  the  silicon  photodetector  (S) 
(IPL  Model  10530DAW)  by  the  quartz  rod  (Q)  which  is  positioned  above  the  DSC 
head.  The  signal  is  used  to  activate  a  relay  which  switches  from  a  zero  voltage 
signal  to  a  fixed  voltage  signal  of  3.25V.  The  resultant  step  change  in  the  voltage 
output  signal  enables  a  clearly  defined  ignition  temperature  to  be  determined.  This 
avoids  measurement  problems  in  reactions  where  the  majority  of  the  sample  is 
ejected  on  ignition  and  hence  a  sharp  deviation  is  not  observed  on  the  temperature 
trace.  Experiments  are  performed  in  an  upwards  flow  of  gas  which  leaves  the 
furnace  (F)  via  the  porous  plug  (P).  For  experiments  in  inert  gases,  in  cases  where 
the  atmosphere  control  is  critical,  a  quartz  sheath  is  placed  over  the  DSC  head  and 
the  experiment  is  carried  out  in  a  downward  flow  of  gas.  In  addition,  two  inconel 
pans  containing  zirconium  powder  are  placed  on  the  lid  of  the  DSC  block  to  act  as 
internal  oxygen  getters. 

The  temperature  of  the  furnace  is  controlled  by  a  digital  programmer 
(Eurotherm  Model  900  EPC)  and  experiments  are  normally  carried  out  at  heating 
rates  within  the  range  3-50°C  min For  studies  on  non-ignition  reactions,  where 
the  samples  do  not  creep  or  bubble,  improved  quantitative  performance  may  be 
obtained  by  using  alumina  or  platinum  crucibles  4mm  in  height  and  6mm  in 
diameter,  in  place  of  the  quartz  crucibles.  These  crucibles  may  also  be  used  for 
measurements  on  pyrotechnic  compositions  where  the  sample  is  not  displaced  on 
ignition. 

In  the  majority  of  high  temperature  DSC  work  carried  out  to  date  a  chromel 
heat  flux  plate  has  been  used,  which  forms  part  of  a  chromel-aiumel  thermocouple 
system.  This  provides  a  normal  maximum  operating  temperature  of  800°C,  in  an 
inert  atmosphere.  The  temperature  range  of  the  equipment  has  recently  been 
extended  by  replacing  the  chromel  plate  with  a  nisil  plate,  to  form  a  nisil-nicrosii 
thermocouple  system.  This  enables  experiments  to  be  carried  out  in  an  inert 
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atmosphere  or  in  air  to  a  sample  temperature  of  970°C,  which  is  the  maximum 
temperature  obtainable  with  the  nichrome  wound  furnace  used  in  the  present 
system. 

The  DSC  and  the  photodetector  system  (PD)  signals  are  logged  using  a  486¬ 
DX2  PC-compatible  computer  (Elonex  model  PC-450/VL)  fitted  with  either  a  12-bit 
data  acquisition  board  (Strawberry  Tree  model  AC-Jr)  for  the  ignition  studies,  or 
where  higher  resolution  is  required  for  non-ignition  studies  a  16-bit  board 
(Strawberry  Tree  model  MINI-1 6)  is  used.  The  data  is  acquired  using  the  icon-driven 
software  provided  with  the  boards  (Quicklog  PC,  version  2.1 .0).  The  resulting  data 
in  ASCII  format  is  processed  using  a  DOS-based  graphics  package  (Biosoft  Fig.P, 
version  6.0)  which  has  been  used  to  produce  the  graphs  in  this  paper. 

Both  the  chromel-plate  and  the  nisil-plate  heads  were  calibrated  for 
temperature  and  enthalpy  measurement  using  the  fusion  of  high  purity  metals  and 
the  solid-solid  phase  transitions  and  fusions  of  inorganic  compounds.  The  enthalpy 
measurements  were  used  to  convert  the  DSC  signal  to  a  mW  output  within  the 
Fig.P  software.  The  quantitative  potential  of  the  nisil-plate  head  is  illustrated  in 
Table  1,  which  shows  the  good  reproducibility  obtained  in  calibration  experiments 
using  the  fusion  of  bismuth  and  the  solid-solid  transition  of  barium  carbonate.  The 
results  are  based  on  five  experiments  for  each  material. 


Table  1 

DSC  Experiments  Using  the  Nisil-Plate  Head 
(Sample  weight,  20mg;  heating  rate,  10°C  min'^;  atmosphere,  argon) 


Sample 

Reaction 

Crucible 

+ 

— 1 

CD 

'o 

O 

Peak  Area/J  g'^ 

Bismuth 

Fusion 

Alumina 

272.6±0.1 

53.2±0.8 

BaCOg 

Phase  change 

Platinum 

810.5±0.3 

97.7±1.8 

Tg  extrapolated  onset  temperature 


Experiments  on  a  50%  W-50%  K2Cr207  composition,  in  platinum  crucibles, 
showed  that  the  peak  areas  obtained  under  ignition  conditions  could  be  measured 
with  a  precision  of  ±4%.  Further  work  is  to  be  carried  out  to  evaluate  the  potential 
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of  the  unit  for  determining  heats  of  ignition  for  "gasless"  systems.  Measurements 
using  a  random  selection  of  the  quartz  crucibles  used  for  ignition  studies,  which  are 
produced  by  hand,  showed  a  precision  of  ±  8%  for  enthalpy  measurements  on  the 
fusion  of  zinc.  This  is  a  factor  of  2-3  times  better  than  that  obtained  previously 
using  the  DTA  apparatus. 

A  typical  ignition  experiment  for  a  46%  Ti-46%  Sr(N03)2-8%  Alloprene 
composition  is  shown  in  Fig. 2.  This  has  been  carried  out  under  the  standard 
ignition  conditions  where  a  50mg  sample  is  compressed  under  a  1kg  deadload  in 
the  quartz  crucible  and  heated  at  50°C  min'^  in  an  argon  atmosphere.  Following 
the  pre-ignition  reaction  between  strontium  nitrate  and  Alloprene  in  the  region  of 
300°C  (7),  the  sample  ignited  at  497°C.  The  ignition  is  thought  to  be  initiated  by 
the  formation  of  a  eutectic  melt  between  strontium  nitrate  and  the  strontium 
chloride  formed  in  the  pre-ignition  reaction. 

An  example  of  the  use  of  the  nisil-plate  head  to  study  reactions  under  non¬ 
ignition  conditions  is  given  in  Fig. 3  for  a  7%  B-93%  K2Cr207  composition  which 
illustrates  the  baseline  stability  and  wide  temperature  range  which  can  be  obtained 
with  this  system.  The  reaction  can  be  seen  to  take  place  in  two  exothermic  stages. 
The  first  stage,  in  the  region  of  400°C,  involves  the  reaction  of  boron  with 
potassium  dichromate  to  produce  potassium  chromate  and  the  second  stage,  at 
about  700°C,  the  reaction  of  the  potassium  chromate  with  unreacted  boron  (8). 
TIME  TO  IGNITION  STUDIES 

A  unit  for  time  to  ignition  studies  was  described  previously  (9)  and  is  shown 
in  its  present  form  in  Fig. 4.  In  this  design  the  sample  (M),  contained  in  a  quartz 
crucible  (C)  of  the  type  used  in  the  ignition  DSC  studies  is  seated  on  a  plate  type 
chromel-alumel  thermocouple  (T)  and  supported  by  the  open  inconel  frame  (I).  This 
consists  of  two  inconel  discs  with  three  inconel  supporting  strips  and  is  mounted 
on  a  4-bore  alumina  rod  (R). 

The  water-cooled  furnace  (F),  which  is  pre-heated  to  give  the  desired  sample 
temperature,  is  rapidly  lowered  over  the  sample  at  the  start  of  an  experiment  and 
forms  a  gas-tight  seal  against  the  base  of  the  unit.  Experiments  are  carried  out  in 
a  flowing  atmosphere  and  the  gas  is  introduced  at  the  top  of  the  furnace  and  is 
diffused  by  a  porous  ceramic  wool  plug  (P),  which  also  serves  as  a  trap  for  ignition 
products.  The  plug  is  held  in  place  by  an  inconel  liner  (L),  which  prevents  attack 
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of  the  furnace  wall  by  ignition  products. 

Experiments  using  the  chromel-alumel  thermocouple  have  generally  been 
limited  to  a  maximum  sample  temperature  of  about  800°C,  using  an  inert 
atmosphere.  The  temperature  range  and  hence  the  effective  heating  rate  has  been 
extended  recently  by  the  use  of  a  nisil-nicrosil  plate  thermocouple.  Experiments 
may  now  be  carried  out  in  an  inert  atmosphere  or  in  air  to  970°C,  which  is  the 
maximum  sample  temperature  permitted  by  the  furnace  in  current  use. 

As  discussed  earlier,  difficulty  was  sometimes  experienced  in  detecting 
ignition  in  DSC  measurements  on  "gassy"  pyrotechnic  reactions,  and  this  problem 
is  accentuated  in  time  to  ignition  experiments  by  the  rapid  rise  in  sample 
temperature.  This  has  now  been  resolved  by  the  incorporation  of  a  similar  system 
to  that  used  in  the  DSC  apparatus,  where  light  from  the  ignition  reaction  is 
transmitted  by  the  quartz  rod  (Q)  to  the  silicon  photodetector  (S)  and  the  resultant 
signal  used  to  produce  a  step  voltage  change.  This  provides  a  precise  indication  of 
the  time  to  ignition. 

The  temperature  and  photodetector  system  signals  are  logged  at  a  rate  of  1 0 
points  per  second  using  a  similar  data  collection  system  to  that  described  above, 
incorporating  the  16-bit  board.  Data  is  processed  using  the  Fig.P  software  and  in 
addition  to  the  temperature  and  photodetector  system  curves,  the  heating  rate 
curve  is  also  plotted.  This  is  obtained  by  dividing  the  individual  temperature 
increments  by  the  corresponding  time  increments.  The  data  is  lightly  smoothed, 
before  and  after  the  ignition  region,  by  the  Savitsky-Golay  routine  provided  in  the 
Fig.P  software. 

An  experiment  therefore  provides  the  time  to  ignition  (TTI),  the  ignition 
temperature  (Tjg)  and  the  heating  rate  at  ignition  (FIRjg).  Typical  curves  are  shown 
in  Fig. 5  for  an  experiment  on  a  30mg  sample  of  a  44%  IVIg-44%  NaN03-12% 
Alloprene  composition,  which  gave  a  time  to  ignition  of  20.9  seconds. 

The  advantage  of  obtaining  the  heating  rate  curve  is  that  it  offers  the 
possibility  of  identifying  pre-ignition  reactions  under  fast  heating  rate  conditions. 
This  is  illustrated  in  Fig. 6,  where  the  sample  weight  for  the  above  ternary 
magnesium  composition  had  been  reduced  to  15mg.  It  can  be  seen  that  the  time 
to  ignition  had  increased  to  28.1  seconds  and  the  temperature  of  ignition  from 
372°C  to  477°C.  The  reaction,  which  resulted  in  ignition  at  the  higher  sample 


23-7 


weight  can  now  be  seen  as  a  peak  on  the  heating  rate  curve,  in  the  region  of  20 
seconds.  This  is  attributed  to  the  exothermic  reaction  between  sodium  nitrate  and 
Alloprene  which,  under  fast  heating  rate  conditions  of  the  TTI  experiment,  has  been 
found  to  be  influenced  significantly  by  the  addition  of  magnesium  (10). 

THERMOIVIICROSCOPY  STUDIES 

Thermomicroscopy  has  been  shown  to  be  a  valuable  complementary 
technique  for  the  characterisation  of  pyrotechnic  systems  (11).  The  hot  stage  unit 
used  in  these  studies  (Stanton  Redcroft  Model  HSM-5)  has  been  described 
previously  (12).  This  unit  enables  samples  to  be  examined  using  reflected  light, 
under  conditions  of  controlled  heating  rate  and  atmosphere,  over  the  sample 
temperature  range  ambient  to  950°C. 

Although  a  similar  hot  stage  unit  to  the  original  design  was  used,  the 
remainder  of  the  system,  which  is  shown  in  Fig. 7  has  been  completely  updated. 
The  sample,  normally  contained  in  a  6mm  diameter  alumina  or  platinum  crucible, 
is  viewed  using  a  stereoscopic  zoom-microscope  (Olympus  model  SZ1 1 45TR  CTV) 
and  illuminated  with  a  twin  fibre  optic  system  (Olympus  Highlight  3000)  connected 
to  a  voltage  stabiliser.  Recordings  are  made  using  a  CCD  colour  video  camera  (JVC 
model  TK-1085E)  in  conjunction  with  a  time-lapse  S-VHS  video  recorder  (JVC 
model  BR-S920E).  The  camera  output  is  viewed  using  a  high-resolution  colour 
monitor  (JVC  model  TM-1500PS).  Temperature  programming  is  carried  out  using 
a  Linkam  programmer  (modified  model  TMS91),  which  In  conjunction  with  a  video 
text  overlay  unit  (Linkam  model  VTO  232)  enables  the  sample  temperature  to  be 
continuously  displayed  on  the  video  recording. 

The  changes  in  the  reflected  light  intensity  (RLI)  from  the  sample  are 
monitored  using  a  silicon  photodetector  (IPL  model  16B)  which  is  filtered  to  give 
an  approximate  eye  response  using  a  green  filter  (Schott  type  BG38).  The  RLI  and 
the  sample  temperature  signals  are  collected  and  processed  using  a  similar  system 
to  that  used  in  the  DSC  studies.  The  reflected  light  intensity  measurements  are 
approximately  related  to  a  common  scale  using  precipitated  barium  sulphate  as  a 
reflectance  standard. 

The  application  of  the  system  to  studies  on  the  zirconium-potassium 
perchlorate-nitrocellulose  system  has  been  described  recently  (1  3).  The  system  is 
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currently  being  used  to  study  the  thermal  behaviour  of  bismuth  oxide  as  part  of  a 
work  programme  on  the  Si-Bi203  system  (14).  A  light  intensity  curve  for  bismuth 
oxide  {Johnson  Matthey  Puratronic  grade)  is  shown  in  Fig. 8.  The  reduction  for  the 
light  intensity  over  the  range  ambient  to  450°C  was  associated  with  the  change 
in  colour  of  the  sample  from  pale  yellow  via  golden-yellow  to  orange.  Above  this 
temperature  the  sample  darkened  to  give  a  dull  red  solid  in  the  region  of  700°C. 
At  735°C  the  a  6  solid-solid  phase  transition  (1  5)  was  clearly  seen  as  a  change 
from  dull  red  to  black  and  this  was  accompanied  by  a  small  step  on  the  reflected 
light  intensity  curve.  The  sample  was  observed  to  melt  in  the  region  of  835°C, 
shrinking  to  form  shiny  black  globules  and  this  is  shown  in  Fig. 9.  The  exposure  of 
the  reflective  base  of  the  platinum  crucible,  which  accompanied  the  fusion  of  the 
bismuth  oxide,  resulted  in  a  sharp  increase  in  the  reflected  light  intensity  signal. 
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846®C  (Sample  weight,  15.1  mg;  heating  rate, 

10®C  min"^  atmosphere,  argon) 
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ABSTRACT 

The  dynamic  behaviour  of  a  pyrotechnic  valve  has  been  evaluated  under  two  different 
ignitors  through  a  three  dimensionnal  finite  element  analysis. 

A  detailed  analysis  has  been  performed  for  defining  an  appropriate  constitutive  law  for 
the  material  used  at  high  strain  rates.  Four  different  representative  pressure  histories 
have  been  applied  in  the  booster  chamber.  Shearing  and  fracture  of  the  nipples  has  been 
taken  into  account  with  an  eroding  model. 

The  computations  show  that  there  is  no  influence  of  the  initiator  on  the  process.  The 
lack  of  symmetry  of  the  housing  and  the  ram  can  cause  plastic  strain  localisation. 
Bending  of  the  ram  may  also  occur. 


1  Introduction 

The  functioning  of  pyrotechnic  systems  may  affect  the  safety  of  a  space  mission.  In  or¬ 
der  to  study  the  reliability  of  such  systems,  we  have  investigated  the  dynamic  behavior 
of  a  pyrotechnic  valve  under  different  loadings  through  finite  element  analysis.  The  use 
of  a  three  dimen.sional  hydrocode  was  necessary  to  deeply  understand  the  mechanisms 
involved  in  the  process. 


2  Three  dimensional  Finite  Element  Modeling 

2.1  The  FEM  model 

The  three  dimcnsionnal  finite  element  analysis  is  performed  with  the  non-lineai 
dynamic  analysis  code  LS-DYNA3D  [1],  The  three  dimcnsionnal  model  is  meshed 
with  8-nodc  brick  elements.  There  arc  about  7000  nodes. 


2,1.1  Material  properties 


Housing,  ram  and  pipe,  are  made  of  annealed  TA6V.  We  have  used  Steinberg- 
Cochran-Guinan  data  for  TA6V  [2], 


At  high  strain  rates,  the  shear  modulus  and  the  yield  stress  arc  functions  of  pressure 
and  temperature. 
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6'(P,T)  =  G',(l  +  APhi^  -  B{T-m)) 

where  (Ty  is  the  yield  stress,  G  the  shear  modulus,  P  the  pressure,  T  the  temperature 
and  eP  the  plastic  strain. 


The  hydrodynamic  equation  of  state  for  the  spherical  part  of  the  stress  tensor  is 
given  in  the  Giiineisen  form: 


P  = 


+  (7o  +  V'lP 


for  //,  >  0  and 


P  -  poGfl  +  ToP 


for  //  <  0  where: 


The  parameters  are  the  following: 
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Co 

lo 

h 

4  ^ 

B 

/7 

n 

ft 

GPa 

m/s 

GPa 

Mbai-' 

K-' 

41.9 

5130 

1.028 

1.93 

0.17 

1.33 

1.15 

6.44  10-" 

12 

0.10 

Aj 

The  material  properties  given  by  Steinberg  are  different  from  those  published  in 
reference  books  [3]. 


From  Steinberg  data,  we  can  compute  the  bulk  modulus  from  the  bulk  sound  speed: 
K  =  poG,  then  the  Poisson  ratio  from  the  classical  relation: 

I 


source 

G 

K 

V 

Uy 

GPa 

GPa 

GPa 

Steinberg 

41.9 

116.29] 

0.339 

1.33 

MIL-HDBK 

42.749 

96.77 

0.31 

0.9 

The  difference  in  the  bulk  modulus  can  be  attributed  to  the  linear  fit  of  the  equation 
of  state,  which  do  not  give  a  good  approximation  of  the  bulk  sound  speed  in  quasi-static 
conditions  (MIL-HDBK).  In  the  definition  of  the  equation  of  state,  the  bulk  modulus 
is  not  a  constant  but  a  function  of  the  density.  Rosenberg  has  studied  the  Hugoniot 
properties  of  the  TA6V  [4]. 
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Rosenberg  gives  a  Hugoniot  elastic  limit  (HEL)  of  the  alloy  around  2.1  GPa  and  a 
velocity  of  the  elastic  precursor  (u,)  of  6.45  mm//is.  With  the  classical  formula; 

K  + 

if  we  solve  these  equations  assuming  that  the  shear  modulus  is  around  42  GPa,  we  find 
a  value  of  128  GPa  for  the  bulk  modulus,  and  0.96  GPa  for  the  yield  strength.  The 
HEL  given  by  Follansbee  [5]  is  a  bit  higher:  2.8  GPa.  With  this  value,  we  find  a  yield 
strength  of  1.28  GPa,  close  from  Steinberg  value.  The  strain  rate  giving  that  value  of 
the  HEL  has  been  evaluated  by  Follansbee  between  1  O'’  and  1 0^  s“L 

In  the  finite  element  model,  friction  is  based  on  Coulomb  formulation  and  is  used 
in  sliding  interfaces.  The  coefficient  of  friction  is  defined  as  an  exponential  function 
for  smoothing  the  transition  between  the  static  and  dynamic  coefficient; 

=  N  +  [fi,  - 

where  c  is  a  decay  constant  and  v  the  relative  velocity  between  two  points  on  each 
surface.  The  value  chosen  is  a  standard  value  [7].  No  further  investigation  has  been 
made  for  fitting  a  value  that  would  be  more  appropriate. 

The  erosive  model  implemented  in  LS-DYNA3D  is  used.  This  facility  allows  the 
full  treatment  of  the  nipples  shearing.  For  activating  the  erosive  model,  a  failure  strain 
has  been  defined  for  and  only  for  the  nipples.  The  value  that  we  have  chosen,  f =  0. 1 4, 
enables  the  shearing  of  the  nipples  for  an  applied  pressure  of  27.6  MPa  on  the  ram. 

2.1.2  Boundary  conditions 

Due  to  symmetry  planes,  only  a  quarter  of  the  stucture  is  meshed. 

The  FEM  model  is  free  in  space. 


2.1.3  Loads 

Two  ignitors  are  under  evaluation.  These  ignitors  are  implemented  with  booster 
charges  of  increasing  amplitudes:  80  %,  100  %  and  130  %  of  nominal  load. 

Four  different  pressure  profiles  have  been  applied  to  the  top  of  the  ram,  and  to  the 
top  of  the  housing  as  well.  Each  of  these  profiles  is  representative  of  a  working  scenario 
of  the  ignitors.  For  each  load,  the  pressure  has  been  measured  in  a  closed-bomb  test 
corresponding  to  the  maximum  volume  of  the  chamber. 

1.  Curve  1,  nominal  load 


2.  Curve  2,  80  %  load 

3.  Curve  3,  130  %  load 

4.  Curve  4,  130  %  with  a  different  ignitor 


curve  1 


curve  2 
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2.2  General  results 

The  ignition  of  the  booster  charge  will  cause  a  rise  of  pressure  at  the  top  of  the  ram. 
Due  to  this  pressure,  the  ram  will  start  to  travel  inside  the  housing.  The  end  of  the  ram  is 
designed  to  punch  the  nipples  on  both  ends  of  the  pipe,  and  then  will  finally  be  stopped 
when  the  ram  will  reach  the  conical  section  of  the  housing.  A  plastic  deformation  and 
welding  will  result  in  the  contact  area. 


In  each  computation,  the  pyrotechnics  valve  has  worked  in  two  stages;  first  the 
shearing  of  the  nipples,  and  then,  the  running  of  the  ram. 

The  loadings  at  130  %  of  the  booster  charge  with  different  ignitors  lead  to  similar 
results  and  will  not  be  distinguished  in  this  paper. 

2.2.1  Shearing  of  the  nipples 

The  first  stage  is  shared  by  the  four  working  scenarios. 

Any  pressure  profile  shows  first  a  low  magnitude  level  around  20.  MPa,  before  increa¬ 
sing  to  a  peak  value:  the  ignition  of  the  booster.  During  that  level,  whatever  long  it  is, 
the  ram  does  nothing  else  than  positioning  on  the  nipples. 

Sheaiing  and  then  failure  of  the  nipples  will  occur  about  a  27.6  MPa  static  pressure  in 
the  chamber,  according  to  the  failure  strain  that  we  have  chosen  for  the  erosive  model. 
That  value  is  actually  reached  only  behind  the  plateau. 

Nipples  are  then  thrown  down  the  housing.  Their  velocity  due  to  clastic  energy  release 
(nipples  beyond  the  ram),  is  the  same  regardless  of  the  four  working  scenarios;  around 
60.  m/s. 


2.2.2  Stopping  of  the  ram 

With  the  geometi-y  we  meshed,  in  any  of  the  four  pressure  histories,  the  ram  travels 
down  as  far  as  to  hit  the  shoulder  at  the  end  of  the  tapered  part  of  the  housing. 

It  needs  the  ram  about  0. 1  milliseconds  to  reach  the  shoulder  after  the  time  the  nipples 
were  punched. 

An  increase  of  the  coefficient  of  friction,  or  a  modification  of  the  geometry  (maxi¬ 
mum  tolerance  limit  on  the  ram  with  minimum  tolorance  limit  on  the  housing)  could 
stop  the  ram  before  it  hits  the  inside  shoulder  of  the  housing. 


-  The  housing 


The  tapered  zone  exhibits  a  plastic  deformation  pattern  close  to  the  one  of  a  flexion: 
with  neutral  axis,  outermost  fibers  in  tension,  and  innermost  fibers  in  compression. 
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Computation  does  not  show  a  perfect  axial  symmetiy:  due  to  a  greater  rigidity  of  the 
ram,  strains  are  higher  next  to  the  punching  part  of  the  ram. 

—  The  ram 

The  lower  part  of  the  ram  that  hits  the  shoulder,  exhibits  plastic  strain  values  above 
3%.  Besides,  deformations  of  relatively  high  amplitude  take  place  in  the  punching 
part  of  the  ram.  When  punching  the  nipple,  some  bending  occurs  around  the  aperture 
designed  through  the  punching  part.  That  bending  may  lead  to  friction  between  housing 
and  ram. 

2.2.3  Analysis  of  failure 

The  nominal  charge  leads  to  a  small  plastic  strain  outside  the  housing,  whereas 
80%  booster  charge  leads  to  no  plastic  deformation.  An  increase  in  the  booster  charge 
increases  this  plastic  deformation. 

If  we  take  as  a  criterion  that  the  failure  probability  is  increased  with  an  increase  of 
plastic  strain  at  the  outside,  we  can  say  that  the  nominal  charge  is  near  the  maximum 
permitted  charge. 

2.2.4  Sealing  of  the  ram 

The  nominal  charge  enables  a  complete  plastic  deformation  area  in  the  tapered 
zone.  This  area  is  not  increased  at  130%  booster  charge.  On  the  contrary,  this  area 
decreases  at  80%  booster  charge. 

If  we  assume  that  the  best  sealing  is  done  when  that  area  is  plastically  deformed, 
then  the  nominal  charge  seems  to  be  near  the  minimum  permitted  charge  with  respect 
to  the  sealing  problem. 

No  heat  transfer  can  be  estimated  for  welding  from  these  computations. 


relative  area  of  plastic  strain 


9 


plastic  strain  for  the  130%  booster  charge 


Failure  and  sealing  are  summarized  in  the  following  figure. 


All  the  quantities  are  normalized  to  the  nominal  case.  We  consider  the  plastic  strains 
greater  than  0.5%.  On  the  inner  surface,  we  assume  that  sealing  is  realized  by  a  plastic 
deformation  in  the  surface.  On  the  outer  surface,  we  assume  that  a  plastic  strain  can 
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lead  to  fracture.  We  see  that  increasing  the  booster  charge  docs  not  improve  the  sealing 
but  can  lead  to  fracture,  whereas  a  decrease  in  the  booster  charge  leads  to  a  bad  scaling. 


3  Concluding  remarks 

A  simple  FEM  computation  with  literature  material  data  and  available  tools  lead  to 
quite  realistic  results. 

It  is  seen  in  the  computation  that  the  pressure  level  duration  before  the  booster 
ignition  does  not  affect  the  valve  working:  the  nipples  are  punched  when  pressure  ri.ses 
above  27.  MPa.  The  pressure  loads  used  come  from  closed-bomb  tests  made  at  the 
maximum  volume  of  the  chamber.  The  pressure  given  by  the  combustion  of  only  one 
ignitor  has  been  computed  with  SNPE  code  BAGHEERA  [8],  [9];  it  reaches  42  MPa. 
Then  we  can  assume  that  the  nipples  can  be  sheared  before  the  booster  is  ignited. 

With  the  dimensions  of  ram  and  housing  u.sed  in  calculation,  the  constitutive  law 
and  friction  coefficients  for  TA6V,  whatever  the  amplitude  of  the  booster  charge  will 
be,  the  ram  will  hit  the  shoulder  inside  the  housing,  even  in  the  80  %  load  ease. 

Up  to  the  1 00  %  nominal  loadcase,  no  significant  plastic  deformation  occurs  on  the 
outer  pail  of  the  housing.  But  2.5  %  values  are  reached  outside  with  the  130  %  load 
case. 

The  lack  of  symmetiy  of  the  housing  and  the  ram  can  cause  plastic  strain  localisation. 
Bending  of  the  ram  occurs. 

Further  investigations  could  be  achieved  with  finer  mesh  that  would  make  more 
explicit  the  extent  of  the  plastic  strain  area.  A  more  suitable  constitutive  law  (a  bet¬ 
ter  fit  of  Steinberg-Guinan  model  on  available  data  or  on  specific  tests)  would  allow 
a  better  description  of  the  physical  state  of  the  material  in  the  contact  area:  residual 
stresses,  temperature,...  Failure  of  the  material  at  high  strain  rate  should  be  investigated. 

The  coefficients  of  friction  could  be  discussed  too,  that  would  affect  the  motion  of 
the  ram. 

More  reliable  load  cuiwcs  (pressure  taken  from  experimental  records)  should  be 
applied  on  the  ram  that  could  shear  the  nipples  before  the  booster  ignition. 


This  work  vv’a.v  performed  under  the  ESTEC/Contract  N'‘  W543/93/NL/CC. 
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ABSTRACT 

The  construction  and  operation  of  a  small  simple  device  for  measuring  the  thrust  developed 
by  small  firework  rockets  is  described.  The  device  has  been  used  to  obtain  data  on  some 
rocket  propellant  formulations,  and  the  results  are  shown  to  be  in  agreement  with  previous 
studies. 

INTRODUCTION 

The  development  of  pyrotechnic  items  is  an  ongoing  process,  as  improvements  in  colour, 
sound  and  lift  are  constantly  being  sought.  The  testing  of  new  items  produced  during  such 
development  programmes  is  normally  a  qualitative  procedure.  Examples  of  new  devices  are 
compared  alongside  earlier  ones,  with  quantitative  measurements  normally  being  restricted 
to  timing  the  burning  process.  Whilst  visual  observation  is  important  (after  all,  pyrotechnic 
devices  are  designed  to  be  seen  or  heard),  published  systematic  quantitative  investigation  is 
rare.  This  situation  is  especially  true  of  rockets.  It  is  considered  desirable  for  a  rocket  to 
lift  quickly,  followed  by  a  smooth  steady  flight.  However,  the  exact  definition  of  "quickly" 
and  "smooth  steady  flight"  differ  markedly  from  observer  to  observer.  Some  form  of 
quantitative  measurement  would  minimise  any  "human  error". 

At  Shrivenham,  a  research  programme  involving  the  development  of  new  safer  solid 
propellant  for  use  in  small  commercial  items  is  in  progress.  Although  visual  evaluation  of 
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rockets  under  test  is  important,  quantitative  data  is  required  to  assess  the  relative  performance 
of  various  compositions.  A  device  was  required  to  measure  the  thrust  profile  of  small  rocket 
motors,  and  such  a  device  has  been  constructed,  tested  and  is  in  routine  use.  This  paper 
describes  the  principles  and  use  of  the  device  to  obtain  data  on  the  performance  of  various 
propellant  compositions  and  configurations. 

THE  THRUST  MEASUREMENT  DEVICE 

The  device  consists  of  an  adapted  load  cell.  The  load  cell  is  a  beam  arranged  so  that  an 
applied  load  will  result  in  a  proportional  strain  along  that  beam.  The  strain  so  produced  is 
detected  using  an  array  of  strain  gauges,  which  convert  the  strain  into  an  electrical  signal, 
the  magnitude  of  which  is  related  to  that  of  the  applied  strain  [1]. 

A  diagram  of  the  instrument  is  given  in  figure  1.  The  load  cell  is  mounted  on  a  flat  metal 
plate,  which  provides  extra  overload  protection  for  the  device. 


CYLINDRICAL  ROCKET  HOLDER 


A1  MOUNTING  PLATE 


POWER  INPUT 


SIGNAL  OUTPUT 

^  LOAD  CELL 

_ □ _ 1 

MOUNTING  BOARD 


Figure  1  The  thrust  meter  device 


A  cylindrical  rocket  holder  is  affixed  to  the  top  of  the  load  cell  via  an  aluminium  mounting 
plate.  Power  input  and  signal  output  are  regulated  by  a  simple  "black  box",  described  by 
figure  2. 


Figure  2  Schematic  diagram  of  thrust  meter  circuitry 

The  load  cell  operates  at  15V  dc,  as  does  the  amplifier,  so  they  are  run  off  a  common 
supply.  The  amplified  load  cell  output  is  fed  to  a  suitable  recording  device,  such  as  a  chart 
recorder  or  a  data  logger.  Since  the  device  is  intended  for  outdoor  use,  where  conditions  are 
not  normally  as  controlled  as  those  in  the  laboratory,  data  collection  using  a  computer  (via 
a  suitable  ADC)  has  not  been  carried  out,  although  the  system  can  be  so  used  if  desired.  A 
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Figure  3  Typical  thrust  trace 
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typical  trace  obtained  from  a  small  firework  rocket  is  given  in  figure  3. 

USE  OF  THE  THRUST  MEASUREMENT  DEVICE 

1  -  Effect  of  catalyst  on  propellant  performance 

The  propellants  under  investigation  incorporate  a  perchlorate  oxidiser  component,  most 
commonly  potassium  perchlorate.  It  is  well  known  that  the  rate  of  bum  of  propellants 
containing  perchlorate  oxidisers  is  speeded  by  the  use  of  transition  metal  oxides  in  catalytic 
amounts  [2-4].  Various  catalysts  were  tested,  with  the  results  being  presented  in  figure  4. 

Figure  4  shows  that  copper  (II)  oxide  is  the  best  catalyst  tested,  as  measured  by  peak  thrust 
value.  This  confirms  earlier  findings  [2-4].  Copper  (II)  chromite  is  also  known  to  be 
effective,  but  its  toxic  properties  precluded  it  from  systematic  investigation. 

The  values  in  figure  4  have  been  normalised  to  CuO  =  100  in  order  to  permit  simple 
comparison.  The  thrust  produced  by  the  CuO  composition  in  a  small  12  mm  diameter 
cardboard  firework  motor  (with  a  35  mm  gallery  and  a  2  mm  diameter  circular  nozzle)  was 
around  1250  g,  with  a  specific  impulse  of  35  s. 

2  -  Effect  of  catalyst  level  on  propellant  performance 

Copper  (II)  oxide  was  selected  as  the  catalyst  for  these  investigations,  since  it  was  shown 
above  that  it  was  the  best  catalyst  of  those  tested.  The  level  of  the  catalyst  was  varied,  and 
the  thrust  characteristics  of  the  compositions  were  measured.  The  results  are  presented  in 
figure  5. 

Figure  5  clearly  shows  that  peak  thrust  is  at  a  maximum  with  0.4  to  0.8  pts  CuO,  but  falls 
off  with  increasing  catalyst  content.  This  also  corresponds  with  earlier  work  [2-4]. 
Compositions  including  CuO  burned  smoothly,  which  was  not  the  case  for  the  composition 
which  did  not  contain  the  CuO.  The  impulse  produced  by  the  rockets  is  also  shown  in  figure 
5  (the  specific  impulse  follows  a  similar  trend,  since  all  rockets  contained  the  same  mass  of 
composition). 
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Figure  4  Effect  of  catalyst  on  propellant  performance 
(Data  normalised  to  CuO  =  100) 
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Figure  5  Effect  of  catalyst  level  on  propellant  performance 


(Data  normalised  to  0.4  parts  -  100) 
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3  -  Effect  of  rocket  geometry  on  performance 
A  typical  rocket  motor  is  shown  in  figure  6. 


Figure  6  Rocket  motor  geometry 

The  role  of  the  gallery  is  to  enhance  the  liftoff  characteristics  of  the  rocket,  since  a  greater 
surface  area  is  available  for  combustion.  Various  shaped  channels  have  been  used,  such  as 
star-shaped  and  multiperforated  [5],  but  the  channel  used  in  this  work  was  a  tapered 
cylindrical  shape. 

Figure  7  shows  the  effect  of  gallery  length  on  the  peak  thrust  values  obtained  from  the 
rocket.  As  expected,  smaller  lengths  produced  lower  thrust  values,  whilst  longer  galleiy 
lengths  resulted  in  much  better  thrust  values,  and  therefore  better  lifting  characteristics.  This 
shows  that  the  performance  of  propellants  can  be  enhanced  by  adjusting  gallery  length,  an 
effect  which  is  well-known  and  utilised  throughout  the  rocket  propellant  industry. 

CONCLUSION 

The  use  of  large  thrust  measurement  devices  is  common  in  development  of  propellant 
formulations  for  large  civil  and  military  devices,  but  use  of  smaller  devices  for  testing 
firework  rockets  has  not,  to  the  best  of  our  knowledge,  been  described  in  the  open  literature. 
This  paper  has  described  the  construction  and  use  of  such  a  small  device,  and  the  results 
obtained  from  it  have  been  found  to  be  in  good  agreement  with  previous  data  obtained  from 
other  methods. 
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The  device  described  is  small,  easily  portable  and  relatively  inexpensive  to  build  and  use. 
Data  is  produced  in  analogue  form,  which  can  be  directly  recorded  onto  a  chart  recorder  or 
converted  via  an  ADC  unit  to  computer-readable  form.  The  device  has  proved  to  be  very 
useful  in  the  development  of  propellants  for  small  firework  motors. 
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ABSTRACT 

We  have  formulated  an  approach  to  computer  synthesis  and  retrosynthesis 
of  organic  compounds  and  have  created  the  program  code  CASB  (Computer- 
Assisted  Structure  Building)  for  this  computer  modeling.  This  approach  was 
evaluated  at  the  example  of  the  computer  generation  of  the  probable  channels 
for  homolysis  reactions  of  energetic  materials  decomposition. 

AH  possible  intermediates  of  homolysis  reactions  for  molecules  are 
generated  by  the  program  code  at  one  step  and  are  resubmitted  for  a  further 
search  of  probable  pathways  for  decomposition  on  the  next  steps,  until  the 
given  maximum  number  of  steps  is  achieved.  Screening  of  advantageous 
pathways  for  these  reactions  has  been  arranged  on  the  basis  of  a  set  of 
empirical  rules  and  subsequent  quantum  chemistry  calculations  of  some 
parameters  of  compounds  decomposition. 

The  results  of  the  suggested  method  and  corresponding  program  code  have 
been  illustrated  at  the  example  of  a  classical  compound  within  energetic 
materials  -  nitromethane. 

INTRODUCTION 

The  theoretical  prediction  of  possible  pathways  of  decomposition  for 
chemical  substances  is  one  of  the  urgent  problems  in  the  field  of  creation  and 
application  of  energetic  materials.  However,  the  attempts  to  elaborate  the 
methodology  for  describing  thermostability  and  decomposition  for  energetic 
materials  are  not  numerous  and  they  were  mainly  aimed  only  at  the 
interpretation  and  more  deeper  understanding  of  the  results  of  experimental 
studies. 

Meanwhile,  the  methods  of  computer  chemistry  and  physics  allow  to 
develop  certain  approaches  to  elucidating  problems  at  the  theoretical-calculation 
level  and  to  a  greater  extent  than  the  experimental  ones.  Indeed,  a  computer 
possesses  fantastic  possibilities  in  generating  and  selecting  possible  pathways 
for  decomposition  reactions.  Therefore,  in  many  cases  the  computer  prediction 
and  subsequent  screening  of  more  advantageous  ways,  from  the  energy 
standpoint,  for  decomposition  of  energetic  materials  can  be  more  effective  and 
"economical"  than  the  use  of  pure  experimental  results.  Moreover,  "the 
computer  brain"  has  no  their  stereotypes  and  here  we  could  expect  interesting 
results. 
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Therefore  we  suggested  the  computer  generation  of  possible  pathways  for 
homolysis  reactions  on  the  basis  of  a  retrosynthesis  idea  and  subsequent 
screening  of  thermodynamically  advantageous  channels  for  decomposition  of 
energetic  compounds. 

Some  theoretical  rules  for  describing  and  predicting  possible  pathways  of 
homolysis  reactions  can  be  formulated.  In  our  approach  elementary  steps  of 
homolysis  reactions  decomposition  are  modeled  using  a  retrosynthetic 
approach.  Each  elementary  reaction  describes  fragments  of  a  must-be  structure 
as  well  as  some  structural  modifications  that  can  be  carried  out  to  obtain 
reaction  products. 

Since  among  thermochemical  properties  one  can  define  bond  dissociation 
energies  of  molecular  compounds  and  their  subsequent  intermediates  as  most 
principal,  at  the  subsequent  levels  we  can  estimate  thermodynamical 
advantages  by  assessing  the  enthalpy  of  decomposition  and  by  comparing  the 
results  of  these  calculations  for  different  channels  of  thermolysis  reactions. 

METHODOLOGY  AND  PROGRAM  CODE 

Presently,  some  methodologies  and  program  codes  have  been  created  for 
organic  synthesis  computer  modeling.  In  [1]  a  number  of  approaches  for  the 
computer-assisted  prediction  of  reaction  products  under  definite  conditions  were 
described.  This  methodology  was  modified  for  free  radical  chemistry  in  [2]  and 
[3]. 

In  general,  a  free  radical  module  treats  intermediates  of  chain  reactions  by 
iterative  consideration  of  three  fundamental  radical  processes:  abstractions, 
additions,  and  fragmentations.  All  monoradical  chain  processes  are  divided  into 
three  discrete  mechanistic  phases:  initiation,  propagation,  and  termination. 

CAMEO  program  [2,3]  displays  trapped  products  rather  than  free  radical 
intermediates.  A  number  of  heuristics  for  the  evaluation  of  philicity  of  radical 
intermediates,  bond  dissociation  energies  and  steric  effects  has  allowed  us  to 
obtain  correct  predictions  of  complicated  reaction  sequences  [3]. 

But  this  methodology  was  not  applicable  to  our  case  -  for  predicting 
possible  channels  for  energetic  compounds  decomposition.  Indeed,  higher 
temperatures  and  pressures  that  take  place  during  decomposition  processes  of 
these  materials  require  a  due  regard  to  and  selection  of  the  complex  set  of 
possible  radical  intermediates. 

Therefore,  we  suggested  a  somewhat  different  approach  to  the  modeling  of 
radical  decomposition  of  explosives  using  a  retrosynthesis  idea. 

For  the  modeling  of  this  possible  set  of  reactions  we  have  created  the 
program  code  CASB  (The  Computer-Assisted  Structure  Building)  for  the 
enumeration  of  all  probable  radical  reactions  between  decomposition  products. 
This  program  code  is  based,  on  the  one  hand,  at  the  extensive  combinatorial 
generation  and  selection  of  the  pathways  for  decomposition  of  compounds  and. 
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on  the  other  hand,  at  the  complex  of  simple  rulesets  that  control  more  probable 
homolysis  reactions.  These  rulesets  are  formulated  by  a  user  and  allow  him  to 
define  all  possible  transformations  of  particles  in  the  system  during  computer 
modeling.  Using  this  approach  and  experimental  data  we  have  investigated  main 
processes  of  nitro  compounds  thermolysis  reactions  during  the  decomposition 
process. 

We  also  have  taken  into  account  bond  strengths,  predictions  of 
thermochemical  stability  based  on  the  theoretical  approaches,  and  specific 
features  of  formal  kinetics.  For  example,  in  our  ruleset  in  the  case  of 
nitroalkanes  (CnH2n+iN02)  we  excluded  a  possibility  of  alkyl  radicals  (Cn,Hz^+i, 
m>2)  formation,  as  well  as  the  products  of  their  interactions.  This  allowed  us  to 
avoid  the  "combinatorial  explosion"  limited  by  the  build-up  of  a  number  of 
radicals.  This  is  a  vital  assumption  since  the  ratio  concentration  of  these  radicals 
is  increasing  with  time  and  with  the  reaction  progress  and  their  encounters 
become  less  probable. 

As  a  result  of  our  analysis  of  thermochemical  studies,  a  special  ruleset  for 
nitro  compounds  was  formulated.  We  have  defined  the  initiation  step  as  the 
homolytic  abstraction  of  the  nitro  group.  Propagation  steps  form  the  main  body 
of  a  chain  reaction.  They  involve  relocation  of  the  unpaired  electron  by  the 
rearrangement  or  by  the  reaction  with  a  neutral  molecule.  The  primary 
propagation  phase  is  limited  to  intermolecular  abstraction  {Sh2  reactions).  As 
usual,  hydrogen  atoms  predominate  in  abstracting.  The  termination  occurs  as  a 
result  of  the  recombination  of  two  radicals  or  by  disproportionation  between 
them. 

All  intermediates  generated  by  the  program  code  in  one  step  are 
resubmitted  for  a  further  search  on  next  steps  until  the  given  maximum  number 
of  steps  is  achieved.  An  important  feature  of  the  program  is  a  possibility  to 
check  each  radical  intermediate  as  a  potential  particle  for  reactions  with  all 
molecules  present  in  the  system. 

For  estimating  our  approach  and  program  code  we  have  provided  the 
computer  generation  of  possible  pathways  for  nitromethane  and  estimated  the 
probability  of  these  or  other  channels  for  decomposition  of  this  compound  on 
the  basis  of  quantum  chemistry  methods. 

EXPERIMENTAL  DATA,  RESULTS  AND  DISCUSSION. 

Gas-phase  decomposition  of  nitromethane  was  studied  by  pyrolysis  in  static 
[4-8]  and  in  flow  [9-11]  systems,  by  photolysis  [12-18],  by  radiolysis  [19]  and 
shock-tube  experiments  [20-22].  Although  experimental  conditions  used  cover 
large  pressure  and  temperature  ranges,  a  close  agreement  with  the  mechanism 
of  the  reaction  would  be  unlikely,  thermolysis  of  nitromethane  arises  many 
doubts.  In  general,  the  initial  step  of  thermal  decomposition  of  nitromethane 
was  commonly  assumed  to  proceed  via  following  routes  [23]: 
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CHaNOa  - -CH3  +  NOa 

(1) 

CHaNOa  - -  CH3ONO  - 

-  CH3O  -  NO 

(2) 

CHaNOa  - -  CH3ONO  - 

*  CHaO  -  HNO 

(3) 

The  other  possibility,  decomposition  into  nitrous  acid  and  carben,  even 
triplet  carben, would  be  much  more  endothermic.  It  was  shown  [23]  that  at  low 
temperatures  (up  to  700°C)  the  initial  step  of  thermolysis  nearly  always  took 
place  via  the  rearrangement  to  methyl  nitrite.  Fission  into  radicals  becomes  more 
important  with  the  temperatures  growth. 

The  molecular  rearrangement  of  nitromethane  during  thermal  decomposition 
was  often  suggested  in  different  studies.  Substantial  evidences  that  nitro 
compounds  and  isomeric  nitrites  can  be  thermally  interconvertable  appeared 
only  recently  [24,25].  Infrared  multiple  photon  dissociation  that  does  not  differ 
greatly  from  pyrolysis  was  used  in  order  to  elucidate  the  collision-free  "thermal" 
chemistry  of  nitromethane.  This  work  became  the  first  experimental 
confirmation  of  the  importance  of  reaction  (2). 

However,  reaction  (1)  proves  to  play  the  predominating  role  during  pyrolysis 
of  nitromethane.  Crawforth  and  Waddington  [26]  have  observed  high  yield  of 
methane,  large  amounts  of  nitromethane  formed  throughout  the  reaction,  and 
nitrogen  dioxide  formed  early  in  the  reaction.  The  study  on  emission  from  the 
system  of  CH3N02-Ar  [20]  (temperature  up  to  2300°C)  has  shown  that  NOj 
appears  after  a  shock,  but  it  has  very  short  lifetime,  and  it  probably  reacted 
according  to 

CH3  +  NOa - ^  CH3O  +  NO  (4) 

Gray  [11]  suggested  that  the  nitrosomethane  formation  should  proceed  due 
to  direct  dissociation  between  methyl  and  nitrogen  dioxide,  although 
thermodynamically  it  is  not  the  most  feasible  process.  The  confusion  as  to  the 
primary  process  involved  in  the  decomposition  of  nitroalkanes  under  different 
conditions  still  exists,  but  it  is  not  our  aim  to  discuss  it  here  in  detail. 

The  principal  products,  concentrations  of  which  increase  during 
decomposition  of  nitromethane,  are  methane,  carbon  monoxide,  water,  nitrogen 
and  nitric  oxide.  Concentrations  of  formaldehyde  and  hydrogen  cyanide  reach  a 
maximum  when  decomposition  is  about  70%  complete,  while  concentrations  of 
nitrogen  dioxide  and  methanol  -  much  earlier.  Minor  products  are  hydrogen, 
carbon  dioxide,  ethylene,  ethane,  methyl  cyanide  and  methyl  nitrite  [5,  26]. 

The  detailed  analysis  of  products  has  allowed  to  identify  some  of  the  most 
important  reactions  that  take  place  during  nitromethane  thermolysis.  So,  at  low 
temperatures  nitrogen  dioxide  is  a  primary  product,  its  concentration  reaches  a 
maximum  early  in  the  reaction  [26].  It  reacts  rapidly  with  methyl  radical: 

CH3  +  NOa - "  CH3O  -F  NO  (4). 
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Nitrosomethane  formed  in  reaction  (5)  can  lead  to  hydrogen  cyanide 
CH3  +  NO - -  CH3NO  (5) 

CH3NO - ^  HaC^NOH - ^  HCN  +  H2O  (6). 

The  reaction  of  nitrogen  dioxide  with  nitromethane  is  a  foliow-up  of  the 
chain  process,  and  under  these  conditions  it  is  slow  [10,  26] 

CH3NO2  +  NO2 - ^  CH2NO2  +  HNO2  (7) 

CH2O  +  NO2 - ^  CHO  +  HNO2  (8) 

Formaldehyde  is  probably  formed  from  CH2NO2  radicals: 

NO2  +  CH2NO2 - -  [NO2..CH2..NO2] - ^ 

- ►  NO  +  CH2O  +  NO2  (9). 

Reaction  (9)  is  not  the  only  possible  pathway  suggested  in  literature  for  the 
formaldehyde  formation. 

For  the  above  reason  we  took  into  account  pyrolysis  of  nitrosoalkanes.  Gray 
and  Williams  [27]  examined  pyrolysis  of  CH3ONO  at  1 78-31 5°C  in  static  and 
flow  systems.  Their  results  supported  the  mechanism  developed  by  Levy  for 


C2H5ONO  decomposition  [28]: 

CH3ONO - ^  CH2O  -h  HNO  (3b) 

CH3O  HNO - ^  CH3OH  -h  NO  (10) 

CH3O  +  CH2O - CH3OH  +  CHO  (11) 

Pyrolysis  of  CH3ONO  was  reexamined  by  Phillips  [29]  at  temperatures 
between  150  and  240°C.  He  found  that  the  reaction  proceeded  by 

CH3ONO - CH3O  -h  NO  (2b} 

CH3O  +  NO - CH3ONO  (12) 

CH3O  +  NO - ►  CH2O  -f-  HNO  (3b) 

2HNO - -H2O  +  N2O  (13) 

2CH3O - ^  CH2O  +  CH3OH  (14) 


Phillips  also  proved  a  free-radical  nature  of  the  reaction  by  adding 
cyclohexane,  a  free-radical  scavenger.  It  was  shown  that  at  low  temperatures, 
CH2O  neither  decomposed  rapidly  nor  reacted  with  either  nitrous  oxide  or  nitric 
oxide  [26],  but  it  was  rapidly  oxidized  by  nitrogen  dioxide  [30,  31] 


CH20  +  N02  - 

— ►  CHO  +  HNO2 

(8) 

CH20  +  HN02 

- ►  CHO  +  H2O  -h  NO 

(15) 

CHO  +  NO2  — 

—  HCO2  +  NO 

(16) 

CHO  -f  NO2  — 

— ^  CO  +  HNO2 

(17) 

HCO2  +  NO2  - 

— CO2  HNO2 

(18) 
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Concentrations  of  nitric  oxide  were  probably  increased  by  these  reactions 
but  the  final  mole  fraction  was  reduced.  One  of  the  possible  explanations  to  this 
fact  is  partial  disproportionation  of  nitric  oxide  caused  by  formyl  radicals  [32]: 


CHO  +  NO - ►  CHO  NO 

(19) 

CHO  NO  +  2NO - ►  N2  +  NO3  +  CHO 

(20) 

NO3  +  NO  — 2NO2 

(21) 

Nitrous  oxide  comes  from  HNO  and  nitroxyl  [26]: 
2HNO - N2O  +  H2O 

(13) 

HNO  +  NO - -  N2O  +  OH 

(22) 

CHO  +  NO - CO  +  HNO 

(23) 

CH3NO  +  NO  ^  CH3O  +  N2O 

(24) 

The  following  scheme  was  proposed  for  the  formation  of  nitrogen  [15,  33]: 

4N0  — ^ Na  +  2NO2  (25) 

Ethylene  could  be  formed  via  nitroethane  by  cyclic  elimination  of  nitrous 
acid  [23,  26] 

CH3  +  CH2NO2 - C2H5NO2  (26) 

C2H5NO2 - -  C2H,  +  MONO  (27) 

or  from  two  CH2NO2  radicals  [26] 

2CH2NO2 - -  [(CH2N02)2]  - C2H4  +  2NO2  (28) 

As  it  follows  from  presented  references,  the  reactions  mentioned  above  do 
not  completely  describe  the  thermochemistry  of  nitromethane.  Nevertheless,  it 
is  clear  that  even  for  such  simple  compound  as  nitromethane  thermolysis 
pathways  are  not  obvious  and  sometime  really  complicated.  The  attempts  to 
formulate  them  were  made,  for  example,  by  Melius  [34].  He  proposed  to  use 
theoretical  chemistry  techniques:  the  BAC-MP4  quantum  chemistry  method  and 
detailed  kinetics  modeling.  However,  his  approach  is  based  only  on  empirical 
data  and  therefore  cannot  be  taken  as  a  complete  one. 

In  order  to  find  a  general  solution  to  the  problem  we  have  made  an  attempt 
to  generate  all  possible  pathways  of  thermolysis  starting  from  the  molecular 
structure  of  the  compound  in  question.  After  the  generation  we  screen  the 
routes  in  order  to  eliminate  wrong  ones  by  applying  a  set  of  rules  compiled 
using  experimental  data.  On  the  next  step  of  the  screening  procedure  we 
analyze  the  results  using  quantum  chemistry  methods.  As  we  noted,  in  our 
work  we  illustrated  our  approach  on  the  classical  example  from  the  energetic 
material  chemistry:  nitromethane. 
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According  to  our  approach  and  computer  code  CASB,  we  have  studied  the 
first  stage  ignition  of  nitromethane: 

2CH3NO2 - -  CH3OH  +  CH2O  +  2NO  (29) 

with  the  later  conversion  of  formaldehyde  to  carbon  monoxide 
CH2O - ^  CO  +  H2  (30) 

We  were  interested  in  the  detailed  mechanism  of  this  process  and  as  a 
result  of  our  computer  modeling  the  nitromethane  decomposition  tree  was 
obtained.  The  results  are  in  good  agreement  with  the  experimental  data.  The 
tree  generated  by  CASB  gives  a  clear  pattern  of  the  process  occurring  during 
nitromethane  thermolysis.  The  fragment  of  this  tree  (four  steps)  is  presented  in 
Figure  1 . 

In  order  to  estimate  thermodynamical  aspects  of  reactions  proposed  by  the 
program  CASB  semi-empirical  quantum  chemistry  method  PM3  [35]  was  used. 
Currently  this  method  gives  such  thermochemical  characteristics  for  nitrogen- 
oxygen  containing  compounds  that  are  apparently  superior  to  those  obtained  by 
other  semi-empirical  calculations  and  close  to  the  experiment  [36].  The  use  of 
quantum  methods  gives  way  to  basic  screening  of  probable  ways  of  the  process 
course  and  to  the  elimination  of  less  advantageous  ones. 

In  our  case  the  enthalpies  of  formations  were  close  to  the  experimental 
data,  though  there  were  some  exceptions  (see  Table  1). 


Table  1.  Heats  of  formation  on  the  basis  PM3  method  (in  kcal/mol) 
Reaction  AH“, 


CH3NO2  -H  CH3 - ►CH2NO2  +  CH4 

CH3NO2  +  NO2 - ^  MONO  +  CH2NO2 

CH3  +  NO2 - ►  CH3ONO 

MONO - ^  HO  -f-  NO 

CH3ONO - ►  CHaO  +  NO 

CH3NO2  +  NO - «-CH2N02  +  HNO 

CH3NO2  +  OH - CH2NO2  +  H2O 

CH3NO2  +  CH3O - ►  CH2NO2  +  CH3OH 

CH3  +  CH3O - ►  CH4  +  H2CO 

CH2NO2  +  CH3O - ►  CH3NO2  +  CH2O 

NO2  +  CH3O - ^  HONO  +  CH2O 

HONO  -f  NO - ►NO2  +  HNO 

HONO  -H  CH3O - ►  NO2  -H  CH3OH 

HONO  +  OH - ►  NO2  +  CH3OH 

CH3ONO  +  CH3O - CH2ONO  +  CH3OH 

NO  +  CH3O - ►  CH2ONO  +  CHaOH 

OH  +  CHaO - ^  H2O  -h  CHjO 

CH3O  +  CH2ONO - CH2O  CH3ONO 


23.13 
21.27 

-32.09 

32.41 
10.71 

33.41 
-21.98 

-7.29 

-64.76 

-58.07 

-36.80 

12.14 
-28.56 
-43.25 
-15.19 
-24.67 
-80.05 
-50.16 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
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As  it  follows  from  Table  1  (reaction  3),  the  formation  of  nitromethane  as  a  result 
of  recombination  of  CH3  and  NO2  radicals  is  thermodynamically  beneficial.  The 
following  homolysis  of  CH3ONO  (reaction  5)  leads  to  the  formation  of  radicals 
CH3O  and  NO  that  are  important  in  the  subsequent  chain  development,  this 
being  a  subject  for  the  discussion  of  many  experimentators.  As  our  studies 
have  shown,  a  step-by-step  course  of  these  reactions  (5  and  5)  is 
advantageous  from  the  energy  standpoint. 

Reactions  9,  10,  11,  13-16  are  also  energy-beneficial  (enthalpies  of  these 
reactions  are  in  the  range  of  -64.76  kcal/mol  (See  reaction  9,  Table  1)  to  -15.19 
kcal/mol  (reaction  15,  Table  1),  this  being  perfectly  clear  since  they  lead  to  the 
existence  of  stable  particles  that  can  be  detected  among  final  thermolysis 
compounds. 

As  for  reaction  18,  which  also  results  in  the  formation  of  formaldehyde  and 
nitrosomethane,  this  reaction  can  serve  as  an  example  of  the  formation  of 
another  (except  5)  CH3ONO  channel  and  further  involvement  of  this  substance 
into  the  propagation  step. 

Generally,  comparing  the  results  of  our  calculations  with  the  experimental 
data,  we  can  mark  a  good  agreement  of  our  "pure"  theoretical  computer 
modeling  of  probable  thermolysis  pathways  of  CH3NO2  with  the  experimental 
thermochemical  data. 

The  reaction  tree  generated  by  the  program  outlines  several  a  priori 
unobvious  pathways.  Though  some  of  them  seem  to  be  somehow  strange  or 
non-existent,  ail  of  them  can  occur  in  real  process.  Meanwhile  the  very  nature 
of  the  explosive  -  extremely  high  temperature  and  pressure  -  could  result  in 
reactions  products  which  are  not  possible  under  milder  conditions. 

CONCLUSION 

As  a  result  of  our  study  we  have  formulated  a  general  approach  to 
computer  extensive  generation  of  possible  pathways  of  decomposition  for 
energetic  materials.  For  screening  of  the  most  advantageous  pathways  from  the 
energy  standpoint  a  special  ruleset  for  the  class  of  nitro  compounds  has  been 
created  and  at  the  subsequent  levels  of  computer  screening  thermodynamical 
aspects  of  these  reactions  were  estimated  on  the  basis  of  quantum  chemistry 
methods.  In  order  to  demonstrate  the  prospects  of  this  methodology  and  the 
way  program  code  CASB  can  be  realized  we  have  used  nitromethane  -  a 
classical  example  in  energetic  material  chemistry. 
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ABSTRACT 


Research  on  AN/HTPB-IPDI  propellants  has  gained  interest  due  to  their  advantages 
for  certain  gas  generators  applications.  Combustion  products  that  are  chlorine  free, 
low  corrosive  and  have  low  flame  temperature,  are  among  the  advantages.  One 
disadvantage  of  AN  is  the  phase  transition  IV  to  III  in  the  AN  crystal  lattices  that 
occurs  at  305  K  (32  °C)  with  a  large  volume  change  and  that  is  detrimental  to  the 
mechanical  properties  of  ammonium  nitrate  based  propellants  under  cyclic  thermal 
loading.  Other  disadvantages  are  the  high  higroscopicity  of  AN  and  the  low  burning 
rate  of  AN  based  propellants.  One  solution  for  the  phase  transition  problem  is  the 
incorporation  of  diammine  complexes  of  transition  metals,  such  as  Ni,  Cu  and  Zn,  into 
the  AN  crystal  lattice.  The  hygroscopicity  problem  of  AN  is  not  solved  yet  but  has 
been  contoured  imposing  the  requirements  of  low  humidity  ambient  conditions  for 
AN/HTPB-IPDI  propellants  manufacture  and  storage.  The  problem  of  low  burning 
rate  has  not  been  solved,  but  progress  has  been  made.  The  investment  in  the 
development  of  new  formulations  and  manufacturing  processes  for  this  kind  of 
propellants  might  be  interesting  because  they  have  a  potential  for  low  cost 
manufacture.  The  objective  of  this  work  is  to  contribute  to  the  identification,  in  a 
systematic  way,  of  the  formulations  including  AN  and  HTPB-IPDI  as  main  ingredients 
that  might  present  high  potential  for  practical  applications  in  the  near  and  far  future. 
This  is  done  by  analysing  the  results  of  the  NASA-Lewis  CET89  equilibrium 
thermodynamic  code  in  the  aspects  of  combustion  products  composition  and 
performance  parameters.  Four  AN  solid  loading  ranges  were  identified  that  present 
interesting  characteristics.  Their  advantages  and  disadvantages  were  discussed  in  view 
of  their  suitability  for  industrial  and  practical  applications. 
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1.  Introduction 


Research  on  AN/HTPB-IPDI  propellants  has  gained  interest  due  to  their  advantages 
for  certain  gas  generators  applications  [1,2].  Combustion  products  that  are  chlorine 
free,  low  corrosive  and  have  low  flame  temperature,  are  among  the  advantages  [1,2]. 
One  disadvantage  of  AN  is  the  phase  transition  IV  to  III  in  the  AN  crystal  lattices  that 
occurs  at  305  K  (32  °C)  with  a  large  volume  change  and  that  is  detrimental  to  the 
mechanical  properties  of  ammonium  nitrate  based  propellants  under  cyclic  thermal 
loading  [1,2].  Other  disadvantages  are  the  high  higroscopicity  of  AN  and  the  low 
burning  rate  of  AN  based  propellants  [1,2].  One  solution  for  the  phase  transition 
problem  is  the  incorporation  of  diammine  complexes  of  transition  metals,  such  as  Ni, 
Cu  and  Zn,  into  the  AN  crystal  lattice  [3],  It  is  also  reported  that  it  is  possible  to  obtain 
phase  stabilised  ammonium  nitrate,  without  additives,  when  particle  size  is  in  the  range 
63-88  pm  and  when  it  is  dried  to  have  humidity  content  lower  than  0.2  wt.%  [4].  The 
hygroscopicity  problem  of  AN  is  not  solved  yet  but  has  been  contoured  imposing  the 
requirements  of  low  humidity  ambient  conditions  for  AN/HTPB-IPDI  propellants 
manufacture  and  storage  [2].  The  problem  of  low  burning  rate,  usually  1-2  mm/s  in  the 
2-10  MPa  pressure  range,  has  not  been  solved,  but  progress  has  been  made  [2,5].  The 
investment  in  the  development  of  new  formulations  and  manufacturing  processes  for 
this  kind  of  propellants  might  be  interesting  because  they  have  a  potential  for  low  cost 
manufacture  [6]  and  specific  impulse  in  the  range  1888-2252  m/s.  The  objective  of  this 
work  is  to  contribute  to  the  identification,  in  a  systematic  way,  of  the  formulations 
including  AN  and  HTPB-IPDI  as  main  ingredients  that  might  present  high  potential  for 
practical  applications  in  the  near  and  far  future.  This  is  done  by  analysing  the  results  of 
CET89  [7]  equilibrium  thermodynamic  code  in  the  aspects  of  combustion  products 
composition  and  performance  parameters.  Four  AN  solid  loading  ranges  were 
identified  and  their  advantages  and  disadvantages  presented.  Propellants  with  AN  solid 
loading  in  the  range  72-78  wt.%  should  present  low  variability  of  characteristics  from 
batch  to  batch,  have  low  flame  temperature,  low  specific  impulse  and  have  high  carbon 
(graphite)  and  high  CO  emissions.  Propellants  with  80  wiVo  AN  solid  loading  show 
similar  characteristics  to  the  previous  range  except  that  they  should  present  medium 
variability  of  characteristics  from  batch  to  batch,  and  no  carbon  (graphite)  emissions. 
Propellants  with  AN  solid  loading  in  the  range  84-86  wt.%  show  medium  specific 
impulse  but  should  present  high  variability  of  characteristics  from  batch  to  batch  and 
high  CO  emissions.  Propellants  with  AN  solid  loading  in  the  range  93-94  wt.%  show 
relatively  high  specific  impulse  with  moderate  flame  temperature  and  the  lowest 
amount  of  pollutants  but  they  can  only  be  fully  exploited  in  the  far  future  when 
extrusion  technology  is  fully  developed  for  this  kind  of  propellants. 


2.  Conditions  of  the  Calculations 


The  calculations  were  performed  using  the  computer  code  NASA-Lewis  CET89  - 
Chemical  Equilibrium  with  Transport  Properties  [7,8].  The  calculations  were 
performed  assuming  a  combustion  of  the  propellant  in  the  combustion  chamber  at  7.0 
MPa  and  than  an  expansion  of  the  combustion  products  in  chemical  equilibrium  flow. 
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through  a  convergent-divergent  nozzle  with  a  pressure  ratio  70.0:1.  Parameters  of 
utmost  importance  are  the  specific  impulse  for  the  expansion  in  chemical  equilibrium 
flow  through  the  nozzle  exit,  temperature,  molecular  weight,  isentropic  compression 
exponent  (F)  and  the  composition  of  the  combustion  products  in  the  combustion 
chamber  and  the  temperature  and  the  composition  of  the  combustion  products  in  the 
nozzle  exit.  Initial  temperature  of  the  reactants  was  298.15  K.  The  effect  of  AN  solid 
loading  on  each  one  of  these  parameters  is  presented  in  Tables  1  to  4  and  in  Figs.  1  to 
6  and  are  discussed  in  this  work. 


3.  Properties  and  Composition  of  Reactants 


Table  1 .  Properties  and  composition  of  reactants 


Reactant 

Chemical  Formula 

^f^°f,298.15 

P298.15 

Reference 

/kcal.mol"^ 

/kg.m’^ 

AN 

H4N2O3 

-87.27 

1725 

9 

HTPB 

C  10^15.6 160N0.2030O0. 1960 

-10.90 

901 

9,  10 

IPDI 

C12H1SN2O2 _ 

-111.40 

1061 

9 

The  AN  is  considered  to  include  no  phase  stabilising  agent  and  to  be  anhydrous.  The 
HTPB-IPDI  weight  ratio  in  the  binder  is  92.32-7.68  wt.%  and  is  typical  of  that  used  in 
practical  composite  solid  propellant  formulations.  This  binder  system  has  excellent 
mechanical  properties  even  in  the  low  temperature  end  of  the  temperature  range  of 
most  practical  applications  (-  60  °C  to  +  60  °C)  [10].  The  calculations  were  made  using 
AN/HTPB-IPDI  compositions  where  the  AN  solid  loading  varies  in  the  range  70-100 
wt.%  with  increments  of  2.0  wt.%  and  in  some  sub  ranges  of  interest  with  increments 
of  1.0  wt.%. 


4.  Analysis  of  Results  and  Discussion 


4.1.  Adiabatic  Flame  Temperature 


The  isobaric  adiabatic  flame  temperature  of  the  propellants  in  this  AN  solid  loading 
range  increases  slightly  from  1201  K  to  1300  K  in  the  range  70-78  wt.%  AN.  Then, 
after  the  transition  range  78-82  wt.%  AN,  it  increases  strongly  from  151 1  K  to  2261  K 
in  the  range  82-92  wt.%  AN.  Then,  after  the  transition  range  92-93  wt.%  AN,  there  is 
the  small  range  93-94  wt.%  AN,  where  it  increases  from  2335  K  to  2344  K.  After  this, 
it  decreases  strongly  from  2344  K  to  1246  K  in  the  range  94-100  wt.%  AN.  These 
results  are  shown  in  Fig.  1  and  in  Table  2. 
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4.2.  Specific  Impulse 


The  specific  impulse  of  the  propellants  in  this  AN  solid  loading  range  increases  slightly 
from  1876  m/s  to  1936  m/s  in  the  range  70-78  wt.%  AN.  Then,  after  the  transition 
range  78-82  wt.%  AN,  it  increases  strongly  from  1992  m/s  to  2227  m/s  in  the  range 
82-92  wt.%  AN.  Then,  after  the  transition  range  92-93  wt.%  AN,  there  is  the  small 
range  93-94  wt.%  AN,  where  it  increases  from  2249  m/s  to  2252  m/s.  After  this,  it 
decreases  strongly  from  2252  m/s  to  1578  m/s  in  the  range  94-100  wt,%  AN.  These 
results  are  shown  in  Fig.  2  and  in  Table  2. 


4.3.  Combustion  Products  Composition 


The  combustion  products  of  these  compositions  for  AN  solid  loading  in  the  range  70- 
100  wt.%  is  shown  in  Fig.  3  and  Table  3  for  combustion  chamber  at  7.0  MPa,  and  in 
Fig.  4  and  Table  4  for  the  nozzle  exit,  after  isentropic  expansion  in  chemical 
equilibrium  through  a  convergent-divergent  nozzle  to  0. 1  MPa.  The  CET89  code  only 
gives  results  for  species  concentrations  larger  than  5  ppm.  For  these  AN/HTPB-IPDI 
reactant  compositions  the  species  in  these  conditions  are  the  ones  presented  in  Tables 
3  and  4.  The  species  considered  has  pollutants  were  CO,  C(GR),  NO^  (NO  +  NO2), 
Non  Methane  HydroCarbons  (NMHC)  and  HCN.  NH3,  OH,  H  and  O  were  not 
considered  pollutants  because  we  were  not  able  to  find  in  the  literature  accepted 
threshold  concentration  values  above  which  they  are  considered  pollutants  and  because 
OH,  H,  and  O  have  short  lives  in  normal  ambient  atmospheric  conditions  even  if  it  is 
known  that  OH,  H  and  O  contribute  to  ozone  layer  depletion  [11].  CO2  was  not 
considered  a  pollutant  even  if  it  can  contribute  to  the  global  warming  of  the  earth 
through  the  greenhouse  effect  [11]. 


4.3.1.  Combustion  Chamber  and  Nozzle  Exit 


CO 


From  an  environmental  point  of  view  CO  emissions  should  be  kept  lower  than  80  ppm 
[13].  A  CO  level  below  3.4  grams  per  mile  (approx.  723-3613  ppm  for  5-25  1/100  km 
fuel  consumption)  is  already  acceptable  for  the  U.  S.  automobile  industry  standards 
[12].  Fig.  3  shows  that  for  the  combustion  chamber  the  1500  ppm  goal  can  only  been 
achieved  for  AN  solid  loading  larger  than  or  equal  to  95  %  and  that  the  80  ppm  goal 
can  only  been  achieved  for  AN  solid  loading  larger  than  or  equal  to  96  %.  Fig.  4  shows 
that  for  the  nozzle  exit  the  80  ppm  goal  can  only  been  achieved  for  AN  solid  loading 
larger  than  or  equal  to  94  %. 
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NO, 


Under  the  designation  NO,  is  included  NO  and  NO2.  NO  is  thought  to  participate  in 
the  ozone  layer  depletion  mechanism  [1 1],  From  an  environmental  point  of  view  NO, 
emissions  should  be  kept  lower  than  300  ppm  [13],  A  NO,  level  below  0.40  grams  per 
mile  (approx.  85-425  ppm  for  5-25  1/100  km  fuel  consumption)  is  already  acceptable 
for  the  U.  S.  automobile  industry  standards  [12].  Fig.  3  shows  that  for  the  combustion 
chamber  the  300  ppm  goal  can  only  been  achieved  for  AN  solid  loading  equal  to  or 
lower  than  93  wt.%  or  for  AN  solid  loading  equal  to  100  wt.%.  Fig.  4  shows  that  for 
the  nozzle  exit  the  300  ppm  goal  can  always  been  achieved  for  AN  solid  loading  in  the 
range  70-100  wt.%. 


NMHC  (Non  Methane  HydroCarbons) 


The  HC  observed  as  combustion  products  for  this  kind  of  propellants  are  methane 
(CH4),  ethene  (C2H4)  and  ethane  (C2H6)  where  CH4  is  the  HC  combustion  product 
with  larger  amounts.  A  NMHC  emission  level  below  0.25  grams  per  mile  (approx.  53- 
266  ppm  for  5-25  1/100  km  fuel  consumption)  is  already  acceptable  for  the  U.  S. 
automobile  industry  standards  [12].  Fig.  3  for  the  combustion  chamber  and  Fig.  4  for 
the  nozzle  exit  shows  that  the  100  ppm  emission  goal  can  always  been  achieved  for 
AN  solid  loading  larger  than  70  %. 


HCN 


From  an  environmental  point  of  view  HCN  emissions  should  be  kept  lower  than  10 
ppm  (e.g.;  South  Korea  Emissions  Standards)  [12].  Fig.  3  shows  that  for  the 
combustion  chamber  this  goal  can  always  been  achieved  for  AN  solid  loading  larger 
than  80  wt.%.  Fig.  4  shows  that  for  the  nozzle  exit  this  goal  can  always  been  achieved 
for  AN  solid  loading  in  the  range  70-100  wt,%. 


Solid  Particles 


The  only  solid  particles  observed  as  a  result  of  the  calculations  for  this  kind  of 
propellants  are  Carbon  (Graphite),  C(GR).  An  acceptable  level  of  C(GR)  content  in 
combustion  products  is  lower  than  500  fJlg/m^  (about  400  ppm)  [13].  Fig.  3  shows  that 
for  the  combustion  chamber  the  400  ppm  goal  is  possible  for  any  AN  solid  loading  in 
the  range  70-100  wt.%.  Fig.  4  shows  that  for  the  nozzle  exit  the  400  ppm  goal  is  only 
possible  AN  solid  loading  larger  than  or  equal  to  80  wt.%. 
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4.4.  Discussion  of  Results 


To  have  repeatable  performance  in  industrial  applications  the  gradient  of  specific 
impulse  and  flame  temperature  relative  to  AN  solid  loading  should  be  low.  These 
results  indicate  that  this  is  true  for  propellants  with  AN  solid  loading  in  the  range  TO¬ 
TS  %  or  in  the  range  93-94  wt.%. 


The  first  AN  solid  loading  range  of  interest  is  72.0-78.0  wt.%.  The  Oxidizer/Fuel 
weight  ratio  (0/F)  in  this  range  is  2.57-3.55.  This  first  range  is  characterized  by  a 
specific  impulse  in  the  range  1888-1936  m/s,  a  flame  temperature  in  the  range  1215- 
1300  K,  and  by  levels  of  emission  in  the  combustion  chamber  that  are  acceptable  for 
NOx,  C(GR)  and  NMHC  emissions,  and  unacceptable  for  HCN  and  CO  emissions. 
This  first  AN  solid  loading  range  is  characterized  by  emission  levels  in  the  nozzle  exit 
acceptable  for  NO^,  HCN  and  NMHC  emissions,  and  unacceptable  for  C(GR)  and  CO 
emissions.  It  is  expected  low  variability  from  batch  to  batch  in  this  kind  of  propellants 
which  is  of  special  interest  from  an  industrial  point  of  view.  The  manufacture  of 
castable  propellants  in  this  AN  solid  loading  range  presents  no  special  difficulties  to 
accomplish  if  a  bimodal  distribution  is  considered  for  AN  solid  loading  larger  than  75 
wt.%  [14]. 


The  second  AN  solid  loading  of  interest  is  80  wt.%.  The  0/F  weight  ratio  is  equal  to 
4.00.  This  second  AN  solid  loading  is  characterized  by  a  specific  impulse  of  1960  m/s, 
a  flame  temperature  of  1381  K,  and  by  emission  levels  in  the  combustion  chamber  that 
are  acceptable  for  NO^,  C(GR)  and  NMHC  emissions,  almost  acceptable  for  HCN 
emissions  and  unacceptable  for  CO  emissions.  This  second  AN  solid  loading  is 
characterized  by  emission  levels  in  the  nozzle  exit  acceptable  for  NO^,  C(GR),  HCN 
and  NMHC  emissions,  and  unacceptable  for  CO  emissions.  It  is  expected  low-medium 
variability  from  batch  to  batch  in  this  kind  of  propellants  which  is  of  special  interest 
from  an  industrial  point  of  view.  The  manufacture  of  castable  propellants  in  this  AN 
solid  loading  range  should  presents  no  special  difficulties  to  accomplish  if  a  bimodal 
distribution  is  considered  [14]. 


The  third  range  of  interest  is  the  84-86  wt.%  AN  solid  loading  which  corresponds  to 
the  maximum  AN  solid  loading  that  can  be  practically  attained  for  castable  propellants 
of  this  kind  [14].  The  0/F  weight  ratio  in  this  range  is  5.25-6.14.  This  third  range  is 
characterized  by  a  specific  impulse  in  the  range  2032-2078  m/s,  a  flame  temperature  in 
the  range  1656-1804  K,  acceptable  levels  of  NO^,  NMHC,  HCN  and  C(GR)  emissions 
and  unacceptable  levels  of  CO  emissions  both  for  the  combustion  chamber  and  for  the 
nozzle  exit.  It  is  expected  high  variability  from  batch  to  batch  in  this  kind  of 
propellants  which  is  not  attractive  from  an  industrial  point  of  view.  The  manufacture  of 
castable  propellants  in  this  range  should  presents  no  unsurpassable  difficulties  to 
accomplish  if  a  bimodal  or  trimodal  AN  particle  size  distribution  is  considered  to 
accomplish  it  [14]. 
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The  fourth  AN  solid  loading  range  of  interest  is  93.0-94.0  wt.%.  The  0/F  ratio  in  this 
range  is  13.29-15.67.  This  range  is  characterized  by  a  specific  impulse  in  the  range 
2249-2252  m/s,  and  a  flame  temperature  in  the  range  2335-2344  K.  It  is  characterized 
by  levels  of  emission  in  the  combustion  chamber  and  nozzle  exit  that  are  acceptable  for 
NMHC,  C(GR)  and  HCN  emissions.  At  93  wt.%  AN  solid  loading  it  is  characterized 
by  acceptable  levels  of  NO^  in  the  combustion  chamber  and  in  the  nozzle  exit  and 
unacceptable  levels  of  CO  in  the  combustion  chamber  and  in  the  nozzle  exit.  At  94 
wt.%  AN  solid  loading  it  is  characterized  by  unacceptable  levels  of  NO^  in  the 
combustion  chamber  but  acceptable  levels  in  the  nozzle  exit  and  unacceptable  levels  of 
CO  in  the  combustion  chamber  but  acceptable  in  the  nozzle  exit.  The  manufacture  of 
AN/HTPB-IPDI  propellants  in  this  range  of  AN  solid  loading  is  only  possible  to 
accomplish  by  extrusion  or  pressing  processes  [6]. 


5.  Conclusions 


Four  AN  solid  loading  ranges  of  interest  have  been  identified  in  the  AN  solid  loading 
range  70-100  wt,%.  Propellants  from  each  range  present  a  group  of  special 
characteristics  which  make  them  more  suitable  for  particular  applications. 


The  first  AN  solid  loading  range  of  interest  is  72.0-78.0  wt.%.  This  range  is 
characterized  by  a  low  specific  impulse,  low  flame  temperature,  unacceptable  levels  of 
CO  and  HCN  emissions  in  the  combustion  chamber  and  unacceptable  levels  of  CO  and 
C(GR)  emissions  in  the  nozzle  exit.  Due  to  the  high  level  of  C(GR)  emissions  in  the 
nozzle  exit  these  propellants  are  expected  to  be  smoky.  It  is  expected  low  variability 
from  batch  to  batch  in  this  kind  of  propellants  which  is  of  special  interest  from  an 
industrial  point  of  view.  The  manufacture  of  castable  propellants  in  this  AN  solid 
loading  range  presents  no  special  difficulties  to  accomplish.  In  this  range,  the 
propellants  with  larger  AN  solid  loading  will  have  larger  flame  temperature,  larger 
specific  impulse  and  the  advantages  of  presenting  lower  level  of  C(GR)  and  CO 
emissions. 


The  second  AN  solid  loading  of  interest  is  80  wt.%.  This  second  AN  solid  loading  is 
characterized  by  a  specific  impulse  of  1960  m/s,  a  flame  temperature  of  1381  K,  and  by 
levels  of  emission  in  the  combustion  chamber  and  in  the  nozzle  exit  that  are  acceptable 
for  NOx,  C(GR)  and  NMHC  emissions  and  unacceptable  for  CO  emissions.  The  level 
of  emissions  of  HCN  is  almost  acceptable  for  the  combustion  chamber  and  acceptable 
for  the  nozzle  exit.  It  is  expected  low-medium  variability  from  batch  to  batch  in  this 
kind  of  propellants  which  is  of  special  interest  from  an  industrial  point  of  view.  The 
manufacture  of  castable  propellants  with  this  AN  solid  loading  should  present  no 
special  difficulties  to  accomplish  if  a  bimodal  distribution  is  considered. 


The  third  range  of  interest  is  the  84-86  wt.%  AN  solid  loading  which  corresponds  to 
the  maximum  AN  solid  loading  that  can  be  practically  attained  for  this  kind  of 
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propellants  to  be  castable.  The  propellants  in  this  AN  solid  loading  range  are 
interesting  from  the  point  of  view  of  performance  but  will  be  more  difficult  to 
manufacture  and  it  is  expected  that  they  will  present  more  variability  than  the  previous 
AN  solid  loading  in  flame  temperature  and  specific  impulse  from  batch  to  batch.  They 
are  characterized  by  levels  of  emissions  in  the  combustion  chamber  and  in  the  nozzle 
exit  that  are  acceptable  for  NO^,  C(GR),  NMHC  and  HCN  emissions  and  unacceptable 
for  CO  emissions. 


The  fourth  AN  solid  loading  range  of  interest  is  93.0-94.0  wt.%  AN.  The  propellants 
in  this  AN  solid  loading  range  are  interesting  because  they  present  relatively  high  levels 
of  specific  impulse  with  relatively  low  flame  temperature,  they  have  the  lowest  overall 
pollutant  emissions  and  are  expected  to  have  low  variability  in  flame  temperature  and 
specific  impulse  from  batch  to  batch,  but  will  be  extremely  difficult  to  manufacture. 
Propellant  grains  of  these  compositions  can  only  be  manufactured  by  extrusion  or 
pressing  processes. 
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Table  2.  Evolution  in  AN/HTPB-IPDI  propellants  with  AN  wt.%  solid  loading  of 
isobaric  adiabatic  flame  temperature,  molecular  weight,  and  F  in  combustion  chamber 
at  7.0  MPa,  and  of  specific  impulse  and  vacuum  specific  impulse  after  isentropic 
expansion  through  a  convergent  divergent  nozzle  from  7.0  MPa  to  0.1  MPa. _ 

AN  wt.%  Tf/K  Mw  /(g/mol)  F  Isp  /(m/s)  Ivac  /(m/s)  Tne  /K  Eq.  Ratio  0/F 


70 

1201.1 

18.737 

1.1716 

1876.0 

2046.7 

813.8 

2.8038 

2.333 

72 

1215.4 

18.520 

1.1767 

1887.9 

2059.1 

816.1 

2.6099 

2.571 

74 

1233.5 

18.331 

1.1834 

1901.5 

2073.0 

817.9 

2.4257 

2.846 

75 

1244,9 

18.253 

1.1879 

1909.1 

2080.5 

818.7 

2.3370 

3.000 

76 

1258.8 

18.190 

1.1936 

1917.3 

2088.6 

819.2 

2.2506 

3.167 

78 

1300.2 

18.148 

1.2125 

1936.2 

2106.9 

819.9 

2.0838 

3.546 

80 

1381.4 

18.347 

1.2441 

1960.3 

2130.1 

821,9 

1.9248 

4.000 

82 

1511.1 

18.853 

1.2531 

1991.9 

2160.2 

825.3 

1.7732 

4.556 

84 

1655.9 

19.478 

1.2461 

2031.6 

2197.4 

829.8 

1.6282 

5.250 

85 

1729.7 

19.811 

1.2416 

2054.2 

2218.4 

833.3 

1.5582 

5.667 

86 

1804.2 

20.156 

1.2370 

2078.1 

2241.0 

839.0 

1.4897 

6,143 

88 

1954.8 

20.884 

1.2274 

2129.0 

2290,9 

868.5 

1.3570 

7.333 

90 

2107.4 

21.667 

1.2173 

2179.8 

2345.2 

940.0 

1.2299 

9.000 

92 

2261.1 

22.507 

1.2056 

2227.1 

2397.4 

1027 

1.1080 

11,50 

93 

2335.3 

22.945 

1.1961 

2249.2 

2422.1 

1074 

1.0489 

13.29 

94 

2343.8 

23.262 

1.1792 

2252.0 

2426.0 

1100 

0.9910 

15.67 

95 

2193.3 

23.237 

1.1958 

2162.7 

2327.0 

994.1 

0.9343 

19.00 

96 

2022.3 

23.173 

1.2068 

2066.1 

2220.3 

888.1 

0.8787 

24.00 

98 

1653,4 

23.024 

1.2296 

1846.7 

1978.8 

675.4 

0.7706 

49.00 

100 

1246,0 

22.870 

1.2604 

1578.2 

1685.4 

465.3 

0.6667  infinite 
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Fig.  5.  Evolution  of  molecular  weight  of  the  combustion  products  of  AN/HTPB-IPDI 
propellants  with  AN  wt.%  solid  loading,  in  a  combustion  chamber  at  7.0  MPa. 


AN  wt.% 

Fig.  6.  Evolution  of  F  of  the  combustion  products  of  AN/HTPB-IPDI  propellants  with 
AN  wt.%  solid  loading,  in  a  combustion  chamber  at  7.0  MPa. 
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Abstract 

The  thermal  decomposition  of  5-nitro-2,4-dihydro-3H-l,2,4-triazol-3-one  (NTO)  was 
examined  over  the  temperature  range  220°  to  280°C  using  both  neat  NTO  and  NTO  in  aqueous 
and  methanol  solutions.  The  decomposition  of  NTO  in  the  presence  of  2,4,6-trinitrotoluene 
(TNT)  was  also  examined.  Activation  parameters  were  calculated  for  all  thermolyses.  When 
mixtures  of  NTO  and  TNT  were  decomposed,  the  decomposition  rate  of  both  components  was 
enhanced.  Additives  such  as  NO2,  ammonia,  nitric  acid,  and  ammonium  nitrate  also  accelerated 
the  decomposition  of  NTO  and  of  TNT.  Decomposition  of  deuterated  NTO  neat  and  in  solution 
was  noticeably  slower  than  proteo-NTO,  indicative  of  an  intramolecular  deuterium  kinetic  isotope 
effect  (OKIE).  An  intermolecular  DKIE  was  also  observed  when  NTO  was  decomposed  in 
deuterated  solvent  or  in  mixture  with  d3-TNT.  It  was  concluded  that  the  rate  determining  step 
in  at  least  one  NTO  thermolysis  pathway  involved  hydrogen  transfer  to  the  nitro  group  followed 
by  subsequent  loss  of  HONO.  This  mechanism  is  believed  to  be  dominate  at  low  temperatures, 
while  at  high  temperatures  C-NO2  homolysis  is  probably  a  competitive  decomposition  pathway. 

Decomposition  products  from  NTO  thermolysis,  neat,  in  solution,  and  in  admixture  with 
TNT,  are  reported  for  the  first  time.  The  condensed-phase  thermolyses  produced  small  quantities 
of  2,4-dihydro-3H-l,2,4-triazol-3-one  (TO)  and  large  amounts  of  an  intractable  tar  for  which  the 
elemental  ratio  was  roughly  that  of  TO.  Because  TO  was  observed  as  a  NTO  decomposition 
product  its  thermal  decomposition  behavior  was  examined  in  the  same  fashion  as  that  of  NTO. 
Like  NTO/TNT  mixtures,  TO/TNT  mixtures  exhibited  mutual  destabilization.  However,  unlike 
NTO,  TO  exhibited  neither  an  inter-  nor  intra-molecular  DKIE,  and  its  decomposition  rate  was 
unaffected  by  the  presence  of  NO2.  The  elemental  analysis  of  the  TO  residue  differed  from  that 
of  thermolyzed  NTO.  It  was  concluded  that  TO,  while  formed  in  the  decomposition  of  NTO, 
was  not  an  intermediate  in  the  principal  NTO  decomposition  pathway.  Furthermore,  while  it 
appeared  that  NTO  and  TO  promoted  TNT  decomposition  by  the  same  mechanism,  hydrogen 
transfer  to  an  arene  nitro  group,  the  mode  by  which  TNT  enhanced  the  decomposition  of  the  two 
triazolone  rings  differed. 

The  kinetics  and  products  of  decomposition  of  eight  other  of  triazole-like  rings  were 
examined.  Thermal  stability  was  related  to  ring  substitution;  rings  with  NOj  and  NH,  substituents 
decomposed  more  rapidly  at  270“C  than  those  with  O  or  H  on  carbon.  The  enhancement  due  to 
NO2  gas  was  observed  only  on  rings  substituted  with  NH2  or  O  groups,  suggesting  the  carbonyl 
of  NTO  is  the  point  subject  to  NOj  attack.  Hydrogen  transfer  to  the  nitro  of  NTO  was  supported 
by  the  observation  that  only  rings  substituted  with  either  NO,  or  NH,  exhibited  an  intermolecular 
DKIE. 
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Introduction 

5-Nitro-2,4-dihydrO“3H-l,2,4-triazol-3-one  (NTO)  is  a  candidate  for  an  effective 
insensitive  high  explosive^  and  a  potential  bomb  fill  in  admixture  with  TNT.^  NTO  is  a  new 
explosive,  and  the  literature  available  is  sparse  and  contradictory.  For  example,  Bruss  et  al.^'^ 
observed  an  intramolecular  deuterium  kinetic  isotope  effect  (OKIE)  of  1 .67,  but  Burkey^  reported 
the  complete  absence  of  a  OKIE.  The  activation  energy  of  NTO  decomposition  has  been 
reported  as  large  as  88.0  kcal/mof  (determined  isothermally,  225°-245T)  and  77  kcal/mof  or 
as  small  as  40.7  kcal/moE  (using  chemiluminescence  to  detect  low  levels  of  NO,  1 10°C-140°C) 
and  44.5  kcal/mof  (monitoring  the  infrared  stretching  frequency  of  nitro,  195”-210"C). 


NTO  is  unique  among  military  high  explosives  in  that  it  does  not  fall  in  the  traditional 
classes— nitrate  esters,  nitramines,  nor  nitrobenzenes.  Nitroarenes,  nitramines,  and  nitrate  esters 
have  a  common  thermal  decomposition  mode:  X-NO,  homolysis.  At  temperatures  over  which 
thermal  stabilities  are  normally  examined,  the  trend  in  thermal  stabilities  is  in  line  with  the  X- 
NO2  bond  dissociation  energies:  nitrate  ester  O-NO,,  40  kcal/mol;  nitramine  N-NO2,  47 
kcal/mol;  and  nitroarene  C-NO2,  70  kcal/mol.’  For  nitroarenes  there  is  another  common 
decomposition  pathway-hydrogen  transfer  to  the  nitro  group  and  subsequent  loss  of  HONO.  If 
NTO  followed  either  of  these  traditional  nitroarene  decomposition  pathways,  the  resultant  radical 
could  form  2,4-dihydro-3H-l,2,4-triazol-3-one  (TO).  This  study  attempts  to  clarify  NTO  thermal 
decomposition  characteristics  and  examines  the  compatibility  of  NTO  and  TNT.  To  aid  this 
effort  other  five-membered  triazole-like  ring  systems  were  also  examined  at  270T  to  determine 
their  relative  decomposition  rates  and  products:  3-amino-5-nitro- 1,2,4-triazole  (ANTA); 
ammonium  3,5-dinitro-l,2,4-triazolate  (ADNT);  3 -nitro- 1,2,4-triazole  (NTR);  5-amino- 1,2,4- 
triazole  (ATR);  3, 5-diamino- 1,2, 4-triazole  (DAT);  5-amino-2,4-dihydro-3Fl-l,2,4-triazol-3-one 
(ATO);  urazole;  and  1,2,4-triazole  (TRA). 

Experimental  Section 

5-Nitro-2,4-dihydro-3H-l,2,4-triazol-3-one  (NTO),  2,4,6-trinitrotoluene  (TNT),  and  2,4- 
dihydro-3FI-l,2,4-triazol-3-one  (TO)  were  received  as  white  crystalline  solids,  from  Eglin  Air 
Force  Base  and  Los  Alamos  National  Laboratory,  respectively.  Synthesis  of  labeled  compounds 
has  been  reported  elsewhere. Samples,  typically  1-2  mg,  were  heated  isothermally  in  sealed 
capillaries  tubes.  After  thermolysis,  the  soluble  reaction  residues  were  extracted  with  1 00  uL  of 
methanol,  dimethylsulfoxide  (DMSO),  or  water  depending  on  their  solubility.  Residues  from 
NTO,  TRA,  ATR,  NTR,  TO,  DAT,  ANTA,  ADNT  were  extracted  with  methanol;  the  residue 
from  urazole  was  extracted  with  water;  and  the  residue  of  ATO  was  extracted  with  DMSO. 
Fraction  remaining  for  TNT  and  ANTA  and  their  mixture  was  determined  by  gas  chromatography 
(GC)  using  a  Varian  3600  GC  equipped  with  an  Alltech  fused  silica  5-BP  capillary  column  (30 
m  x  .32  mm  i.d.)  and  a  flame-ionization  detector  (FID).  Quantifications  of  NTO,  the  NTO/TNT 
mixture,  TO,  urazole,  ADNT,  ANTA,  ATR,  DAT,  and  ATO  were  accomplished  with  a  Beckman 
model  LC-332  high  performance  liquid  chromatograph  (HPLC)  equipped  with  an  Alltech 
Econsphere  Cl 8  reversed-phase  column,  a  Waters-486  tunable  ultraviolet  detector,  and  20  uL 
sample  loop.  For  NTO  and  the  NTO/TNT  mixtures,  the  mobile  phase  was  40%  acetonitrile  / 
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60%  water  containing  1%  acetic  acid.  For  the  rest,  a  methanol/water  (1/1)  eluent  was  used. 
Typical  retention  times  were  three  to  four  minutes  with  the  exception  of  TNT  which  took  15 
minutes;  detection  wavelengths  varied  from  compound  to  compound:  NTO  400  nm;  TNT  350 
nm;  TO  225  nm;  urazole  225  nm;  ADNT  350  nm;  ANTA  360  nm;  ATR  210  nm;  DAT  210  nm; 
ATO  265  nm.  The  NTO/TO  mixture  was  monitored  for  loss  of  NTO  only;  this  could  be 
observed  at  400  nm  without  interference  of  TO  (at  225  nm  the  absorbance  was  due  to  both  TO 
and  NTO).  The  reaction  progress  of  NTR,  TRA  and  the  TO/TNT  mixture  was  analyzed  directly 
using  a  Hewlett-Packard  5890A  gas  chromatograph  equipped  with  a  model  5971  quadrupole 
mass-selective  detector  and  methyl  silicone  gum  (HP-1,  12M  x  0.2mm  x  0.33um)  GC  column. 
For  identification  of  decomposition  gases  a  Varian  3600  GC  equipped  with  a  Supelco  Porpack 
Q  80/100  SS  (12’  X  1/8")  column  in  series  across  a  thermal  conductivity  detector  with  a 
molecular  sieve  13X  45/60  SS  (9’  X  1/8")  column.  Ammonia  analysis  was  performed  using  a 
Hayesep  D  column  (20’  x  1/8");  the  decomposition  gases  of  all  the  triazoles  were  analyzed  for 
ammonia;  none  was  detected. 

Results 

Decomposition  Kinetics  of  NTO.  TNT.  TO 

Although  the  reaction  was  obviously  autocatalytic  after  50%  conversion,  first-order  plots 
of  the  data  were  linear  to  at  least  20%  decomposition;  therefore,  first-order  rate  constants  were 
calculated  using  only  the  first  20%  of  the  curve.  The  activation  energy  and  pre-exponential 
factor  are  given  in  Table  I.  Perdeutero-NTO  was  prepared  and  observed  to  decompose  somewhat 
slower  than  the  proteo-analog;  a  deuterium  kinetic  isotope  effect  (DKIE)  of  about  1.7  was 
calculated  (Table  II).  To  eliminate  crystalline  effects  and  to  provide  a  medium  in  which  radical 
intermediates  might  be  trapped,  thermal  decompositions  of  NTO  were  performed  in  solution.  In 
water  or  methanol  (4wt%)  solution,  decompositions  of  NTO  were  first  order  (to  70%  conversion), 
and  the  rates  were  generally  faster  than  those  of  neat  NTO  (Table  III).  The  decomposition  of 
NTO  was  examined  in  the  presence  of  other  additives.  Atmospheres  of  either  NO2  or  NHj 
accelerated  decomposition  as  did  addition  of  nitric  acid  or  50  wt%  ammonium  nitrate  or  TO 
(Tables  II  and  IV).  Usually  thermolysis  was  performed  in  sealed  tubes,  but  at  250"C 
decompositions  were  also  performed  in  open  tubes.  Though  sublimation  made  determination  of 
the  exact  rate  constant  difficult,  first-order  plots  comparing  the  decomposition  in  open  versus 
sealed  tubes  showed  that  in  the  open  tubes  first-order  kinetics  were  followed  out  to  50%  reacted, 
while  in  sealed  tubes  the  reaction  was  notably  autocatalytic  after  25%  reacted. 

Since  TO  was  considered  a  possible  NTO  thermolysis  product,  its  decomposition  kinetics 
were  examined  (Table  I).  TO  decomposed  considerably  slower  than  NTO  and  exhibited  first- 
order  kinetics  to  over  70%  conversion.  In  contrast  to  NTO,  deuterated  TO  did  not  decompose 
any  slower  than  the  proteo-analog,  and  aqueous  TO  solutions  (20wt%)  decomposed  more  slowly 
than  neat  (Table  V).  While  neither  the  presence  of  NOj  nor  NH3  atmosphere  accelerated  TO 
decomposition,  addition  of  TNT  or  nitric  acid  did  (Table  IV  and  V).  The  decomposition  of  TNT 
over  the  temperature  range  220°C  to  280°C  approximated  first  order  only  to  the  first  20% 
conversion.  The  activation  parameters  (Table  I)  of  TNT  were  sufficiently  different  from  those 
of  NTO  that  although  at  high  temperatures  TNT  decomposed  more  slowly  than  NTO,  below 
240“C  NTO  decomposed  more  slowly  than  TNT.  Decomposition  of  d3-TNT  exhibited  a  primary 
kinetic  isotope  effect,  as  noted  by  a  number  of  researchers  (Table  VI).^’’'  Over  the  temperature 
range  examined,  TNT  in  methanol  (4wt%)  decomposed  faster  than  neat  TNT  (Table  III). 
Addition  of  NH3  NO2,  HNO3  or  50wt%  TO  accelerated  TNT  decomposition  (Tables  IV  and  VI). 
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Examination  of  one-to-one  weight  mixtures  of  NTO  and  TNT  from  280°C  down  to  ]60°C 
indicated  that  each  species  enhanced  the  decomposition  rate  of  the  other  (Table  I).  First-order 
plots  were  linear  out  to  70%  conversion.  The  Arrhenius  curves  intersected  so  that,  as  was  the 
case  with  neat  NTO  and  TNT,  the  TNT  in  the  TNT/NTO  mixture  decomposed  more  slowly 
above  220°C  and  the  NTO  in  the  mixture  decomposed  more  slowly  below  that  temperature  (Fig. 
1).  This  trend  may  continue  down  to  storage  temperatures,  since  typically  NTO  is  considered 
a  less  sensitive  explosive  than  TNT.  The  decomposition  kinetics  of  each  component  in  a 
methanol  solution  (4wt%  NTO  and  4wt%  TNT)  were  only  slightly  faster  than  those  of  each 
component  alone  (4wt%)  in  methanol  (Table  III). 

Decomposition  Products  of  NTO.  TNT.  TO 

Some  reports  cite  CO,  as  the  only  identifiable  decomposition  product  of  NTO,‘*  whereas 
others^  have  observed  nitrogen-containing  gases.  Over  the  temperature  range  240°  to  280°C,  GC 
analysis  of  thermolyzed  NTO  samples  indicated  a  decomposition  gas  composition  of  NO  8%,  N, 
43%,  N2O  6%,  CO  6%,  and  CO2  37%.  The  major  condensed-phase  product  of  NTO 
decomposition  was  an  organic  tar  which  was  insoluble  in  even  the  most  solvating  solvents  (water, 
methanol,  ethanol,  acetonitrile,  and  TFIF).  The  only  form  of  analysis  which  was  performed  on 
this  material  was  elemental  analysis  and  infrared  spectroscopy.  Results  of  the  former  appear  in 
Table  VII.  When  NTO  was  heated  to  about  20%  conversion  (260°C,  2  min.),  a  small  amount 
of  the  condensed-phase  product  was  soluble.  Using  authentic  samples  and  GC/MS  analysis,  we 
identified  the  soluble  products  as  primarily  TO  with  a  small  amount  of  1,2,4-triazole.  When 
NTO  was  heated  one-to-one  mass  ratio  with  TNT,  the  products  detected  were  similar  to  those 
found  in  neat  NTO  and  neat  TNT  decompositions.  TO  and  triazole  produced  in  the 
decomposition  of  NTO  were  still  among  the  decomposition  products  as  were  2,4-  and  2,6- 
dinitrotoluene,  trinitrobenzene,  and  aminodinitrobenzoic  acid,  formed  in  the  decomposition  of  neat 
TNT.  Only  thermolyses  in  methanol  drastically  affected  the  NTO  decomposition  products. 

Decomposition  of  NTO  in  methanol  (4wt%)  produced  a  number  of  products,  detectable 
by  GC/MS,  which  appeared  to  originate  from  NTO  (Tables  VIII  and  IX).  Based  on  the  observed 
mass  to  charge  ratio  (m/e)  for  products  of  NTO,  ‘^N(4)NTO,  and  '^N(6)  in  methanol  (Table  VIII) 
and  of  NTO  in  d4-methanol  versus  h4-methanol  (Table  IX),  the  following  compositions  were 
assigned:  C2N3H3  (CH30H)2  [A, 133  m/e];  B  [253  m/ej;  C2N3H3O  (CH3OH)  [C,  117  m/e];  D  [188 
m/e];  and  C2N3(N02)  (CH3bH)  [E  and  F,  144  m/e].  When  TO  was  heated  at  270°C  for  10 
minutes,  1 ,2,4-triazole  (TRA)  was  found  to  be  the  only  tractable  condensed-phase  product.  The 
insoluble  residue  from  TO  decomposition  was  analyzed  by  elemental  analysis;  results  are  in 
Table  VII.  Typically  TNT  mixed  with  NTO  produced  the  same  principal  decomposition 
products  that  it  did  neat: 1,3,5-tri-nitrobenzene,  2,6-dinitrotoluene,  2-amino-4,6-dinitrobenzoic 
acid,  and  2,4-dinitrotoIuene.  Thermolysis  of  NTO/TNT  mixtures  formed  minor  amounts  of 
products  not  observed  in  thermolyses  of  the  neat  materials;  these  have  not  been  identified. 

Decomposition  Kinetics  and  Products  of  Other  Triazoles 

The  decomposition  kinetics  and  products  of  eight  triazole-related  ring  compounds  were 
examined.  Results  are  shown  in  Table  X  where  the  compounds  are  arranged  in  rough  order  of 
their  thermal  stability.  We  observed  that  certain  ring  substituents  appeared  to  enhance  the 
decomposition;  rings  where  a  NO2  was  attached  to  carbon  decomposed  faster  than  those  with 
NH,.  Those  with  NH,  attached  to  carbon  generally  decomposed  faster  than  those  with  O,  but  it 
should  be  noted  that  C=0  changed  the  ring  from  XC=N2H(X)C=N  to  XC=N2H(0)CNH. 
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There  were  exceptions  undoubtedly  resulting  from  the  fact  that  the  degree  of  unsaturation 
is  not  the  same  in  all  the  rings.  The  salt  ammonium  dinitrotriazolate,  which  has  obvious  aromatic 
character,  decomposed  more  slowly  than  ANTA,  even  though  it  possessed  two  nitro  groups 
compared  to  one  nitro  and  one  amino  on  ANTA.  ATR  decomposed  much  faster  than  would  have 
been  predicted.  We  expected  it  to  decompose  more  slowly  than  DAT  since  it  was  observed  in 
the  decomposition  of  DAT,  but  its  rate  constant  was  consistently  higher  than  that  of  DAT. 

Since  we  had  observed  that  the  presence  of  NO2  accelerated  the  decomposition  rate  of 
NTO  but  had  no  effect  on  that  of  TO,  we  examined  the  effect  of  NOj  on  the  other  ring 
compounds.  For  some  triazoles,  the  decomposition  rate  was  accelerated;  for  others  there  was  no 
effect.  Only  rings  with  either  NHj  or  O  attached  to  carbon  were  affected  by  the  presence  of  an 
NO2  atmosphere.  Similarly,  some  of  the  compounds,  like  NTO,  exhibited  a  DKIE  when 
decomposed  in  D2O  versus  H2O,  whereas  others,  like  TO,  were  unaffected  (Table  X).  Only  the 
rings  with  NO2  or  NH2  groups  exhibited  an  intermolecular  DKIE. 

The  gaseous  thermal  decomposition  products  of  the  various  triazole-like  compound  were 
readily  identified  by  GC  (Table  X).  Formation  of  large  quantities  of  gas  correlated  with  the 
presence  of  NO2  groups,  as  the  source  of  oxygen.  ATR,  DAT,  and  TRA,  which  contained  no 
oxygen,  produced  only  small  quantities  of  N2  gas.  N2  was  the  major  nitrogen-containing  gas  for 
all  the  triazole  compounds  examined.  In  fact,  NjO  was  only  observed  in  the  decomposition  of 
rings  with  NOj  substituents  (ANTA,  ADNT,  NTR,  and  NTO).  Carbon  dioxide  was  the  major 
carbon-containing  decomposition  gas.  The  soluble  condensed-phase  decomposition  products  were 
identified  by  GC/MS.  Urea  was  the  only  product  identified  from  the  decomposition  of  urazole. 

NTR  was  found  to  form  TO,  suggesting  loss  of  NO  through  a  nitro/nitrite  rearrangement. 
TRA  was  also  formed,  presumably  via  C-NO2  homolysis  in  NTR,  although  TO,  itself,  forms  TRA 
during  thermolysis. 

The  decomposition  of  ANTA  produced  NTR,  TRA,  and  TO.  TRA  and  TO  may  have 
been  formed  by  the  subsequent  decomposition  of  NTR.  Loss  of  NH2  from  ANTA  could  form 
NTR.  The  observation  that  rings  with  NH2  exhibited  an  intermolecular  DKIE  suggest  hydrogen 
addition  might  result  in  direct  NH3  loss.  It  is  curious  that  in  the  decomposition  of  ANTA  NTR 
(resulting  from  loss  of  NH2  but  with  NO2  remaining)  is  observed,  while  ATR  (resulting  from  loss 
of  NO2  but  with  NH2  remaining)  is  not.  It  is  especially  odd  in  light  of  the  fact  that  comparison 
of  their  rate  constants  at  270'^C  showed  NTR  to  decompose  about  four  times  faster  than  ATR. 
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Direct  NH2  loss  appears  to  be  operative  in  the  thermolysis  of  DAT  where  both  ATR  and 
TRA  were  observed.  The  rate  constant  found  for  ATR  (Table  X)  was  about  twice  that  of  DAT; 
as  discussed  above,  this  is  opposite  to  the  expected  result.  This  and  the  fact  that  ATR  was 
formed  in  the  decomposition  of  DAT  questions  the  validity  of  this  value. 

ADNT  formed  NTO  and  NTR.  The  former  could  result  from  nitro/nitrite  rearrangement 
followed  by  NO  loss,  possibly  assisted  by  interaction  with  ammonium  ion.  The  latter  by 
hydrogen  transfer  to  NO2,  from  ammonium,  and  subsequent  MONO  loss.  TO,  a  decomposition 
product  of  both  NTO  and  NTR,  was  observed  among  the  ADNT  thermolysis  products. 
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Discussion 

Decomposition  Kinetics 

The  decomposition  of  neat  NTO  is  autocatalytic  with  an  unusually  high  activation  energy 
(Table  I).  Dissolved  in  methanol  or  water  NTO  decomposed  by  first-order  kinetics  with 
activation  energies  typical  (40-50  kcal/mol)  of  many  energetic  materials.  The  autocatalytic  nature 
of  the  neat  NTO  decomposition  may  result  from  the  generation  of  NOj  during  its  thermal 
decomposition.  This  hypothesis  is  supported  by  the  fact  that  such  autocatalytic  behavior  was  not 
observed  when  NTO  was  thermolyzed  in  solution  or  in  open  capillaries  nor  was  it  observed  in 
the  decomposition  of  TO,  a  species  incapable  of  direct  NO2  evolution.  The  observation,  arising 
from  the  examination  of  eight  other  triazole-like  ring  compounds,  that  only  rings  with  NH2  or 
O  on  carbon  are  affected  by  exogenous  NO2  suggests  that  in  NTO,  the  NO2  attack  is  on  the 
carbonyl  group. 

The  DKIE  calculated  for  NTO  by  this  work  (1.7  at  260°C)  and  that  of  others  (1.67)^  is 
large  enough  to  be  primary,  but  from  these  experiments  alone  the  effect  cannot  be  assigned  as 
intra-  or  intermolecular  or  both.  However,  the  presence  of  a  DKIE  when  NTO  was  thermolyzed 
in  CD3OD  or  D2O  is  definitive  for  intermolecular  hydrogen  transfer.  Indeed,  EPR  observations^ 
of  NTO  in  acetone  suggested  the  formation  of  hydroxy  4-oxo-2,3,4-triazolyl-nitroxide.  But,  the 
observation  that  d2-NTO  exhibited  a  DKIE  in  dilute  (4wt%)  solution  indicates  intramolecular 
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hydrogen  transfer;  therefore,  both  are  operative  in  the  thermolysis  of  neat  NTO.  Enhancement  of 
intermolecular  hydrogen  transfer  would  explain  the  accelerative  effect  of  aqueous  acid  on  NTO 
decomposition.  Enhanced  decomposition  rates  were  also  noted  when  NTO  was  decomposed 
under  ammonia.  This  is  in  line  with  reports  that  NTO  salts  are  less  thermally  stable  than  NTO.'^ 
Calculation  of  DKIEs  comparing  TNT/d3-TNT,  TNT  in  methanol  or  d4-methanol,  and  d3-TNT 
or  TNT  in  methanol  confirm  previous  findings  that  TNT  was  susceptible  to  both  intra-  and 
intermolecular  hydrogen  transfer  (Table  VI). 

The  combination  of  NTO  and  TNT  was  observed  to  be  mutually  destabilizing. 
Independent  experiments  showed  that  the  decomposition  of  each  species  could  be  enhanced  by 
addition  of  NOj,  ammonia,  or  protonic  species;  a  detailed  discussion  of  the  effect  of  these 
additives  on  TNT  is  presented  in  reference  12.  It  seems  likely  that  TNT  could  affect  NTO 
decomposition  by  acting  as  a  source  of  hydrogen  or  of  NOj  or  HONO.  The  combination  of  TO 
and  TNT  was  also  mutually  destabilizing.  It  was  initially  thought  direct  comparison  of  the 
decomposition  of  NTO  and  TO  might  be  possible;  however,  neither  kinetic  results  nor  product 
analysis  appear  to  support  that  hypothesis.  Unlike  NTO,  the  decomposition  of  TO  exhibited 
neither  an  inter-  nor  intra-molecular  OKIE  (Table  V).  While  TNT  could  accelerate  the 
decomposition  of  NTO  by  acting  as  a  source  of  hydrogen  or  of  NO2,  neither  of  these  mechanisms 
can  explain  the  enhancement  of  TO  decomposition.  Since  the  only  additive  observed  to 
accelerate  TO  decomposition  was  acid,  generation  of  HONO  by  hydrogen  transfer  to  a  nitro 
group  of  TNT  is  postulated  to  explain  the  destabilizing  effect  of  TNT  on  TO.  The  arguments 
used  to  explain  the  accelerative  effect  of  TNT  on  NTO  (source  of  H  or  NO, )  might  also  be  used 
to  explain  the  accelerative  effect  of  NTO  on  TNT. 

Decomposition  Products 

Since  initial  mass  spectrometric  analysis  of  NTO,  showed  strong  peaks  of  m/e  85,  84,  and 
83,  TO  (molecular  weight  85  g/mol)  was  considered  a  possible  NTO  decomposition  product." 
Furthermore,  it  seemed  reasonable  that  if  the  decomposition  of  NTO  proceeded  through  C-NO2 
homolysis,  capping  of  the  carbon  radical  with  hydrogen  from  a  neighboring  species,  would  lead 
to  TO.  Indeed,  extraction  of  the  NTO  residue  after  thermolysis  revealed  small  amounts  of  TO, 
as  well  as  TRA,  had  been  formed.  Since  TO  thermolysis  also  formed  TRA,  we  cannot  say 
whether  TRA  is  a  primary  or  a  secondary  NTO  decomposition  product.  The  decomposition  of 
neat  NTO,  TNT,  or  their  one-to-one  mixture  formed  a  residue  which  was  insoluble  in  even  the 
most  polar  solvents.  The  residue  was  analyzed  by  infrared  spectroscopy  (IR)  and  sent  to  a 
commercial  laboratory  for  elemental  analysis.  The  IR  spectrum  of  the  NTO  residue  showed  the 
absence  of  the  NTO  stretching  frequencies  at  1719  cm"  (carbonyl)  and  at  1544  cm"  (nitro); 
otherwise,  the  spectrum  was  undifferentiated  from  that  of  the  TO  residue.  Analyses  indicated  an 
elemental  ratio  of  C2H2N3O  (Table  VII),  a  formula  consistent  with  "polymerized  TO".  However, 
we  do  not  suggest  that  the  ring  structure  is  necessarily  maintained  in  the  polymer.  We  do  know 
TO  is  not  a  direct  intermediate  in  the  formation  of  this  residue.  Independent  decomposition  of 
TO  resulted  in  a  residue  of  somewhat  different  elemental  composition  (Table  VII);  C45H5N72O. 

Thermolysis  of  TNT  produced  a  number  of  decomposition  products: 1,3,5- 
trinitrobenzene,  2,6-dinitrotoluene,  2-amino-4,6-dinitrobenzoic  acid,  and  2,4-dinitrotoluene.  When 
TNT  and  NTO  were  thermolyzed  in  a  one-to-one  mixture,  the  principal  products  were  those 
observed  in  the  neat  decomposition  of  each  species.  The  same  observation  was  made  for  the 
thermolysis  of  TNT/TO  mixtures. 


JUl 


N=N 


<C..HsN,,0.), 


HC=N-C=0 


Conclusions 

Thermal  decomposition  of  NTO  is  speculated  to  proceed  through  C-N  homolysis  either 
by  direct  homolysis  of  C-NOj,  important  at  high  temperature,  or  by  initial  transfer  of  hydrogen 
and  subsequent  C-NOjH  cleavage.  That  NTO  is  susceptible  to  hydrogen  transfer  is  evidenced 
by  the  presence  of  both  an  intra-  and  an  inter-molecular  DKIE.  The  fact  that  the  thermolysis  of 
TO,  which  lacks  a  nitro  group,  does  not  evidence  any  type  of  DKIE  suggests  that  NOj  is  the  site 
accepting  hydrogen  on  the  NTO  molecule.  Examination  of  the  decomposition  of  eight  other 
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triazole-like  compounds  also  supports  this  conclusion.  The  autocatalytic  nature  of  the  NTO 
decomposition  is  attributed  to  its  generation  of  NO2  during  decomposition.  Decomposition  of 
NTO  in  solution  or  in  open  thermolysis  tubes  and  decomposition  of  TO  are  strictly  first  order. 
NO2  is  thought  to  interact  with  the  NTO  carbonyl  since  a  survey  of  ten  triazole-like  rings  showed 
only  those  with  carbonyl  or  a  NH,  substituent  experienced  enhanced  decomposition  in  the 
presence  of  NO2.  Decomposition  of  NTO  results  in  formation  of  a  certain  amount  of  TO, 
presumably  by  hydrogen  abstraction  to  fill  the  site  vacanted  by  NO2.  The  major  condensed-phase 
NTO  thermolysis  product  is  a  polymeric  substance  with  a  formula  consistent  with  polymerization 
of  the  radical  species  remaining  after  NO2  loss.  TO  thermolysis  results  in  formation  of  1,2,4- 
triazole  and  another  polymeric  residue,  different  from  that  NTO  produces.  TNT  stimulates 
thermal  decomposition  of  both  NTO  and  TO.  It  is  speculated  that  the  ability  of  the  methyl  group 
of  TNT  to  act  as  a  source  of  H  accelerates  NTO  decomposition,  while  it  is  the  ability  of  TNT 
to  generate  HONO  that  adversely  affects  TO  decomposition.  Both  NTO  and  TO  are  thought  to 
destabilize  TNT  by  hydrogen  donation  to  an  arene  nitro  group. 
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Table  I 

Rate  Constants  of  Neat  NTO,  TNT,  TO  and  NTO/TNT  One  to  One  Mixtures 


°c 

NTO 

NTO/TNT 

TNT/NTO 

TNT 

TO 

160 

7.63E-07 

I.37E-06 

180 

4.28E-06 

7.26E-06 

200 

2.04E-05 

3.20E-05 

220 

2.85E-06 

1.42E-04 

l.lOE-04 

1.I4E-05 

9.93E-06 

220 

3.23E-06 

240 

9.90E-05 

1.73E-03 

3.90E-04 

4.76E-05 

5.07E-05 

240 

8.72E-05 

250 

3.19E-04 

7.13E-03 

5.70E-04 

9.07E-05 

260 

1 .92E-03 

1.32E-02 

9.30E-04 

2.32E-04 

1.82E-04 

260 

1.84E-03 

1.52E-04 

260 

2.44E-03 

270 

5.84E-03 

3.99E-02 

1.86E-03 

6.12E-04 

3.67E-04 

270 

5.75E-03 

3.09E-02 

1.82E-03 

4.01E-04 

280 

1.58E-02 

7.06E-02 

3.82E-03 

1 .22E-03 

6.96E-04 

280 

1.62E-02 

Ea  (kcal/mol) 

78.6 

47.7 

30.4 

41.6 

46.5 

A  (sec  ') 

2.53E+29 

4.56E+17 

3.34E+09 

2.60E+13 

4.10E+15 

R^ 

0.99 

0.99 

1.00 

0.99 

0.99 

Table  II 

Rate  Constants  Reflecting  Deuterium  Isotope  and  Other  Effects 
NTO  Thermolyses 


“C 

NTO  dj-NTO 

OKIE 

250 

3.19E-04  2.20E-04 

1.45 

260 

2.07E-03  1.23E-03 

1.68 

Compound 

NTO  Thermolyses  at  270°C 

Rate  Constant  (sec’’) 

OKIE  or  Factor* 

NTO 

NTO/CH3OH 

5.84E-03 

3.92E-03 

0.67* 

dj-NTO/CHjOH 

2.79E-03 

1.41 

NTO/CD3OD 

2.98E-03 

1.32 

NTO/HOH 

1.43E-02 

2.4* 

dj-NTO/HOH 

7.43E-03 

1.92 

NTO/DOD 

6.7  IE-03 

2.13 

NTO/TNT 

3.54E-02 

6.1* 

dj-NTO/TNT 

1.71E-02 

2.07 

NTO/dj-TNT 

2.77E-02 

1.28 

d3-NTO/d3-TNT 

1.44E-02 

2.46 

NTO/TO 

5.81E-02 

10* 

NTO/dj-TO 

5.50E-02 

1.06 

d^-NTO/TO 

2.58E-02 

2.25 

indicates  comparison  to  NTO  without  additive 
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Table  III  Rate  Contants  of  NTO,  TNT  and  One  to  One  NTO/TNT  Mixtures  in  Solution 


4%  Methanol  Solutions  4%  Aqueous 


°c 

NTO 

NTO/TNT 

TNT/NTO 

TNT 

NTO 

240 

5.10E-04 

7.97E-04 

2.45E-04 

1.38E-04 

1.02E-03 

240 

4.30E-04 

250 

8.40E-04 

1.16E-03 

3.72E-04 

2.16E-04 

2.46E-03 

250 

6.20E-04 

260 

2.04E-03 

1.74E-03 

6.80E-04 

3.50E-04 

6.08E-03 

260 

2.78E-03 

260 

3.27E-03 

270 

3.41E-03 

2.55E-03 

1.17E-03 

6.10E-04 

1.43E-02 

270 

3.94E-03 

270 

4.42E-03 

280 

5.64E-03 

3.97E-03 

2.12E-03 

l.llE-03 

280 

6.27E-03 

1.71E-03 

Ea  (kcal/mol) 

38.4 

22.5 

30.7 

32.8 

48.8 

A  (sec  ') 

1.05E+13 

3.06E+06 

2.85E+09 

1.19E+10 

6.52E+17 

R- 

1.00 

0.99 

0.96 

1.00 

Table  IV 

Effect  of  Additives  on  Rate  Constants  (sec  ‘) 


Additives 

NO, 

NHj 

HNO3 

NH.NOj 

NTO 

2.07E-03 

9.31E-05 

3.79E-04 

3.04E-06 

NTO  +  additive 

2.09E-02 

6.98E-02 

5.12E-03 

2.03E-01 

Factor 

10.1 

750 

13.5 

66776 

Temperature  ("C) 

260 

240 

250 

220 

TNT 

5.07E-04 

1.92E-04 

1.92E-04 

1.92E-04 

TNT  +  additive 

2.93E-03 

4.59E-03 

5.98E-04 

1.28E-03 

Factor 

5.78 

23.9 

3.11 

6.67 

Temperature  (‘’C) 

270 

260 

260 

260 

TO 

TO  +  additive 
Factor 

Temperature  (°C) 


3.67E-04 

4.31E-04 

1.17 

270 


6.96E-04 

6.14E-04 

0.88 


6.96E-04 

4.13E-03 

5.93 

280 


280 
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Table  V 

Rate  Constants  Reflecting  Deuterium  Isotope  and  Other  Effects 
TO  Thermoiyses  at  21(fC 


Compound 

Rate  Constant  (sec  ') 

DKIE  or  Factor* 

TO 

3.67E-04 

dj-TO 

3.41E-04 

1.1* 

TO/HOH 

2.98E-05 

0.08* 

TO/DOD 

2.90E-05 

1.03 

TO/TNT 

1.41E-03 

3.8* 

d^-TO/TNT 

1.37E-03 

1.03 

TO/dj-TNT 

1.31E-03 

1.08 

*  indicates  comparison  to  neat  TO  without  additive 


Table  VI 

Rate  Constants  Reflecting  Deuterium  Isotope  and  Other  Effects 


TNT  Thermoiyses  at  270°C 

Compound 

Rate  Constant  (sec"') 

DKIE  or  Factor* 

TNT 

5.07E-04 

TNT/NTO 

1.84E-03 

3.6* 

d3-TNT/NTO 

1.15E-03 

1.60 

TNT/d, -NTO 

1.49E-03 

1.23 

dj-TNT/dj-NTO 

1.06E-03 

1.74 

TNT/TO 

3.99E-03 

7.9* 

TNT/d^-TO 

3.24E-03 

1.23 

dj-TNT/d^-TO 

2.07E-03 

1.93 

TNT  Thermoiyses  at  280“C 

TNT 

1.22E-03 

d3-TNT 

7.06E-04 

1.73 

TNT/CHjOH 

1.41E-03 

d3-TNT/CH30H 

8.10E-04 

1.74 

TNT/CD3OD 

8.60E-04 

1.64 

*  indicates  comparison  to  neat  TNT  without  additive 


Table  VII 

Mole  Fraction  Ratios  of  NTO  and  TO  Thermolysis  Residues 


NTO  TO 


C 

H 

N 

0 

N/C 

C 

H 

N 

0 

N/C 

2.76 

3.25 

4.21 

1.00 

1.53 

4.55 

5.04 

7.77 

1.00 

1.71 

2.73 

3.28 

4,22 

1.00 

1.55 

5.52 

4.91 

7.80 

1.00 

1,73 

1.84 

1.62 

3.01 

1.00 

1.64 

4.47 

5.31 

7.63 

1.00 

1.71 

1.84 

1.73 

3.00 

1.00 

1.63 

4.59 

5.42 

7.87 

1.00 

1.72 

28  -  14 


Table  Vill:  GC/MS  Analysis 

NTO  &  N15-Labeled  Analogues  after  3  Minutes  at  260"C  in  Methanol  (4%) 


A 

N(4) 

N{6) 

C 

N(4) 

N(6) 

D  N(4) 

N(6) 

E 

N(4) 

N(6) 

F 

N(4) 

N(6) 

RT 

5.1 

7.5 

10.5 

11.2 

12.5 

L 

L 

L 

S 

T 

T 

S  M 

S 

L 

M 

L 

S 

S 

T 

188  189 

189 

158  159 

159 

148 

157 

158 

144 

145 

145* 

144 

145 

145* 

133 

134 

133 

127  128 

128 

127 

128 

128 

* 

118 

128 

117 

117* 

117 

116* 

116 

116* 

115 

115 

115 

115 

Ill  113 

112 

114 

114 

103 

104 

114 

102 

104 

103* 

103 

102 

89 

98 

97 

97 

97 

73 

89 

83  84 

85 

86 

86 

98 

86 

85 

70 

76 

75 

85 

71 

70 

70  70 

69 

69 

70 

70 

70 

69 

59 

60 

59 

69 

58 

59 

59 

59 

59* 

59 

58 

59 

58 

45 

58 

56  56 

56 

53 

53 

53 

55 

54 

44 

46 

45 

44 

46 

45 

45*  45 

45* 

46 

47 

54 

45 

44 

32 

45 

44 

44 

44 

44 

44 

32 

30 

32 

28 

30 

32  30 

30 

30 

30 

31 

30 

30 

28 

RT  =  Retention  Time  (minutes) 

Table  IX: 
NTO  Heated 

*  indicates  largest  peak 

GC/MS  Examination  of  NTO  Decomposition  Products 
in  h4-Methanol  or  d4-Methanol  at  270°C  for  50  Seconds 

A 

B 

C 

D 

E 

F 

h4 

d4 

h4 

d4 

h4 

d4 

h4 

d4 

h4 

d4 

h4 

d4 

RT 

5.07 

5.3 

7.1 

10.3 

1 

1.4 

12.2 

L 

T 

T 

T 

T 

S 

M 

M 

M 

M 

S 

M 

253* 

259* 

223 

227 

188 

196 

156 

158 

164 

158 

174 

180 

144* 

148* 

144 

148 

133 

140 

119 

120 

117 

120 

128 

132 

128 

130 

131 

104 

108 

104 

106 

116 

119 

112 

118 

114 

118 

119 

103 

106 

117 

96 

98 

102 

105 

94 

75 

80 

86 

83 

86 

85 

86 

84 

70 

70 

73 

74 

69 

70 

69 

70 

59* 

62* 

62 

62* 

55 

62 

58 

50 

59* 

50 

50* 

53 

54 

50* 

45 

46 

46 

44 

44 

45 

46 

44 

44 

44 

44 

32 

32 

45* 

44 

30 

30 

45* 

44 

32 

30 

30 

28 

28 

32 

30 

28 

30 

30 

28 

28 

28 

28 

RT  =  Retention  Time  (minutes)  *  indicates  largest  peak 
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VISCOUS  ENERGETIC  LIQUID  EXPLOSIVE  FORMULATIONS  SENSITIZED  WITH 
GLASS  MICROBALLOONS.  III.  ANALYSIS  OF  THE  DETONATION  DATA 


James  L.  Austing  and  Allen  J.  Tulis 

IIT  Reserach  Institute 
Chicago,  Illinois  60616  USA 


Abstract 


The  complete  detonation  state  data  for  viscous  energetic  liquid  explosive 
mixtures  have  been  analyzed  to  ascertain  the  degree  of  conformity  to  correla¬ 
tions  that  are  generally  applicable  to  ideally-detonating  organic  high  explo¬ 
sives.  The  viscous  energetic  liquids  were  formulated  from  nitrocellulose,  an 
organic  nitrate  ester  liquid  explosive,  and  fine  RDX  powder.  Adequate  sensi¬ 
tivity  for  initiation  by  a  cloud  of  detonating  dispersed  explosive  powder  was 
achieved  by  incorporation  of  glass  microballoons. 

For  conventional  explosives,  the  detonation  velocity  is  dependent  on  chem¬ 
ical  composition  and  initial  density,  but  for  a  given  explosive  is  a  direct 
linear  function  of  density.  The  Chapman- Jouguet  density  and  the  adiabatic 
exponent,  on  the  other  hand,  are  independent  of  composition  and  are  dependent 
only  on  the  initial  density.  In  the  case  of  the  viscous  energetic  liquids, 
the  detonation  velocity  generally  exhibited  such  a  linear  increase  with  density, 
but  two  of  the  charges  with  lesser  amounts  and  smaller  sizes  of  microballoons 
displayed  velocities  that  were  notably  under  the  linear  prediction.  The 
Chapman- Jouguet  density  also  increased  in  a  linear  relationship  with  density, 
but  on  the  average  was  about  6  percent  less  than  predicted  for  conventional 
explosives;  this  was  attributed  to  measured  pressures  that  were  generally  lower 
than  expected.  As  a  consequence,  the  scatter  in  the  adiabatic  exponent  data 
was  extreme,  and  on  the  average  the  adiabatic  exponent  was  40  percent  higher 
than  that  for  conventional  explosives.  It  is  not  known  whether  these  discrep¬ 
ancies  were  due  to  a  systematic  error  in  the  measurements  or  to  a  phenomenon 
associated  with  the  use  of  microballoons. 

The  results  of  the  above  analyses  suggest  that  the  detonation  of  the 
viscous  energetic  liquids  did  not  propagate  in  accordance  with  those  principles 
that  govern  classical,  ideal  detonation  in  conventional  organic  high  explosives. 
This  possibly  can  be  attributed  to  the  use  of  microballoons.  The  exact  mecha¬ 
nism  which  was  operating,  however,  is  not  clear  at  this  time. 


1.  Introduction 


The  major  thrust  of  the  present  effort  was  an  investigation  of  liquid 
explosive  mixtures  that  can  be  initiated  by  a  detonating  cloud  of  dispersed 
explosive  powder.  Such  sensitivity  has  been  achieved  by  incorporation  of  glass 
microballoons  directly  into  the  liquid  formulation.  We  have  termed  these 
mixtures  "visaous  energetic  liquids",  because  rather  high  viscosities  were 
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required  in  order  that  the  mixtures  could  be  applied  to  essentially  vertical 
surfaces  without  sagging. 

The  initial  stages  of  the  investigation  were  reported  in  two  parts  at  the 
Twentieth  International  Pyrotechnics  Seminar.  The  First  Part  (Austing  et  al., 
1994b)  surveyed  the  appropriate  background  relative  to  the  use  of  microballoons, 
and  described  the  formulation  of  the  viscous  energetic  liquids  and  qualitative 
experiments  to  establish  the  initiation  criteria.  The  Second  Part  (Austing  et 
al.,  1994a)  was  concerned  with  complete  detonation  state  measurements  on 
selected  viscous  energetic  liquids,  and  with  quantitative  verification  that 
these  liquids  could  be  initiated  by  the  detonating  cloud  and  subsequently 
propagate  detonations  as  condensed  explosives. 

The  present  manuscript  comprises  the  Third  Part  of  the  investigation,  and 
is  concerned  with  mathematical  analyses  of  the  complete  detonation  state  data. 

In  the  balance  of  this  manuscript,  the  previous  portions  of  the  investigation 
will  be  referred  to  as  Part  I  and  Part  II,  respectively. 

2.  Background 

A  considerable  amount  of  activity  concerning  the  incorporation  of  micro¬ 
balloons  into  emulsion  and  liquid  explosive  formulations  has  been  reported  in 
the  open  literature.  In  most  of  the  applications,  the  objective  has  been  to 
stabilize  the  detonation  and  to  decrease  the  failure  diameter  (Chaudhri  et  al., 
1993;  Presles  et  al . ,  1989;  and  Yoshida  et  al . ,  1985).  An  alternative  objec¬ 
tive  was  to  alter  the  shock  sensitivity  of  the  explosive;  as  a  consequence,  the 
shock  initiation  of  liquid  explosives  containing  microballoons  has  been  modeled 
theoretically  (Khasainov  et  al.,  1993)  and  investigated  experimentally  (Gois  et 
al.,  1993). 

The  above  investigators  have  stressed  the  importance  of  microballoon 
concentration  and  particle  size  in  achieving  their  objectives;  thus,  Lee  and 
Persson  (1990)  separated  the  fractured  microballoons  from  the  remainder  of  the 
lot.  Chaudhri  et  al.  showed  that,  for  charges  of  a  given  density  and  of  a 
diameter  less  than  25  mm,  higher  detonation  velocity  was  achieved  by  use  of 
smaller  diameter  microballoons;  such  charges  had  a  smaller  failure  diameter. 

On  the  other  hand,  when  the  charge  was  greater  than  50-mm  diameter,  use  of 
larger  size  microballoons  resulted  in  higher  detonation  velocities.  These 
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observations  are  for  a  given  weight  fraction  of  microballoons,  because  Gois  et 
al.  showed  that  the  detonation  velocity  decreases  linearly  with  an  increase  in 
the  microballoon  concentration.  These  results  are  not  necessarily  in  agreement 
with  the  data  generated  in  Part  II,  which  will  be  discussed  in  the  next  Section 
of  this  manuscript. 

Alymova  et  al .  (1994)  and  Lee  et  al .  (1989)  included  experimental  deriva¬ 
tion  of  the  unreacted  shock  Hugoniot  for  emulsion  explosives  as  part  of  their 
investigations,  in  addition  to  detonation  stability  measurements.  Alymova  et 
al .  utilized  plastic  microballoons  in  lieu  of  the  glass  variety  in  their  formu¬ 
lations;  however,  the  advantages  and  disadvantages  of  making  this  substitution 
were  not  discussed. 

While  an  extensive  amount  of  data  concerning  the  detonation  velocity  of 
microballoon-sensitized  explosives  has  been  reported,  very  little  data  on  the 
measurement  of  detonation  pressure  of  these  explosives  has  appeared.  Granhom 
(1991)  adapted  a  simplified  manganin  gauge  technique  and  reported  detonation 
pressures  of  nitromethane  and  several  emulsion  explosives.  However,  his  paper 
did  not  include  the  detonation  velocities,  and  thus  analysis  of  his  data  in 
the  manner  discussed  in  this  manuscript  was  not  possible. 

The  viscous  energetic  liquids  evaluated  in  the  present  program  were  formu¬ 
lated  from  an  industrial  grade  nitrocellulose,  an  organic  nitrate  ester  (BTTN, 
DEGDN,  or  TEGDN),  and  fine  RDX  powder,  in  proportions  to  achieve  such  viscosity 
that  the  mixtures  did  not  sag  when  applied  to  a  vertical  surface.  Adequate 
sensitivity  for  initiation  by  a  detonating  dispersed  explosive  cloud  was 
achieved  by  incorporation  of  glass  microballoons.  The  complete  procedure  for 
formulating  the  viscous  energetic  liquids  is  described  in  Part  I.  Table  1 
specifies  the  composition  of  the  viscous  energetic  liquids  of  concern  in  this 
manuscript,  and  the  weight  fraction  and  particle  size  of  the  microballoons. 

The  final  column  tabulates  the  density  of  each  mixture,  which  was  calculated 
from  the  liquid  or  crystal  density  of  each  ingredient  and  the  measured  bulk 
density  of  the  microballoons.  The  densities  in  Table  1  are  slightly  higher 
than  those  quoted  previously,  because  here  a  correction  has  been  applied  to 
account  for  the  approximately  26-percent  interstitial  voids  in  the  bulk  micro¬ 
balloons. 
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Table  1.  Formulation  Data  for  the  Viscous  Energetic  Liquids^^^ 


Microballoon 


Liquid 

No. 

Org.  Nitrate 
Ester  Type 

Weight  Fraction 

NC  O.N.E.  RDX 

Weight 

Fraction 

Particle 
Size  (ym) 

Densi ty 
(Mq/m^) 

34C 

BTTN 

0.03 

0.503 

0.462 

0.005 

88/63 

y  p  /  111  y 

1.524 

35A 

DEGDN 

0.02 

0.388 

0.582 

0.010 

149/105 

1.401 

35B 

0.02 

0.389 

0.583 

0.0075 

105/88 

1.441 

35C 

0.02 

0.390 

0.585 

0.005 

88/63 

1.493 

35E 

0.02 

0.386 

0.579 

0.015 

149/105 

1.316 

36E 

TEGDN 

0.02 

0.386 

0.579 

0.015 

149/105 

1.297 

36F 

0.02 

0.384 

0.576 

0.020 

149/105 

1.224 

^O.N.E.  =  Organic  nitrate  ester. 

BTTN  =  Butanetriol  trinitrate. 

DEGDN  =  Diethylene  glycol  dinitrate. 

TEGDN  =  Triethylene  glycol  dinitrate. 

RDX  =  Class  5  RDX,  22-ym  average  particle  size. 
NC  =  Aqualon  nitrocellulose,  Grade  RS-18-25-cp. 


3.  Analysis  of  the  Detonation  State 

There  are  two  premises  for  the  analyses  that  will  be  discussed  in  this 
Section.  Both  premises  are  based  on  observations  of  the  performance  of  ideally- 
detonating  high  explosives: 

1.  The  detonation  velocity  is  determined  by  the  chemical  composition  and 
density  of  the  explosive.  For  a  given  explosive,  the  detonation 
velocity  is  a  direct  linear  function  of  the  density. 

2.  By  way  of  contrast,  the  Chapman-Jouguet  (CJ)  density  and  the  adiabatic 
exponent  are  independent  of  chemical  composition  and  are  solely  a 
function  of  the  initial  density. 

As  a  consequence,  it  was  of  interest  to  ascertain  whether  the  viscous  energetic 
liquids,  which  were  formulated  from  conventional  organic  explosive  compounds, 
would  adhere  to  the  above  principles,  and  whether  the  presence  of  the  microbal¬ 
loons  would  cause  deviations  from  such  classical  behavior. 

Accordingly,  the  measured  detonation  parameters  as  initially  reported  in 
Part  II  are  tabulated  in  Table  2  in  the  order  of  decreasing  liquid  initial 
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Table  2.  Computation  of  the  Chapman-Jouguet  (CJ)  Density  for  Detonating 
Viscous  Energetic  Liquids 


Liquid 

Po,  Initial 

D,  Detonation 

Gauge 

Pj,  Detonation 

Pi ,  CJ 

No. 

Dens.  (Mg/m3) 

Velocity  (km/s) 

Mounting 

Pressure  (GPa) 

Dens.  (Mg/m^) 

34C 

1.524 

7.312 

Wall 

16.45 

1.910 

End 

18.86 

1.983 

35C 

1.493 

7.373 

Wall 

17.79 

1.912 

End 

21.36 

2.026 

35B 

1.441 

7.338 

Wall 

15.79 

1.809 

End 

15.27 

1.794 

35A 

1.401 

7.242 

Wall 

15.64 

1.780 

End 

15.28 

1.769 

35E 

1.316 

6.905 

Wall 

12.79 

1.653 

End 

15.46 

1.746 

36E 

1.297 

6.723 

Wall 

12.34 

1.643 

End 

17.79 

1.862 

36F 

1.224 

6.491 

Wall 

12.21 

1.604 

Applicable  Equation:  Pi  =  pq  [1 - rl  (1) 

PO  D 


density;  these  parameters  include  the  detonation  velocity  and  the  two  inde¬ 
pendently-measured  values  of  detonation  pressure  (from  the  responses  of  the 
carbon  resistor  gauges,  mounted  respectively  in  the  wall  of  the  instrumented 
channel  apparatus  and  at  the  end  of  the  charge*).  In  the  final  column,  the  CJ 
densities  have  been  computed  from  Equation  (1),  which  has  been  derived  by 
appropriate  combination  of  the  expressions  for  conservation  of  mass  and 
momentum  for  a  stably-propagating  detonation  wave.  Thus,  Table  2  forms  the 
basis  for  the  three  analyses  which  follow. 

3.1  Correlation  of  the  Detonation  Velocity 

The  detonation  velocities  of  the  seven  viscous  energetic  liquids  have  been 
graphed  as  a  function  of  initial  density  in  Figure  1,  and  a  least  squares 
linear  correlation  which  excludes  the  two  highest-density  points  has  been 
derived  and  plotted.  For  purposes  of  comparison,  the  linear  variation  of  deto- 

*See  Figure  1  of  Part  II. 


D,  Detonation  Velocity  (km/s) 
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Figure  1.  Detonation  Velocity  of  Viscous  Energetic  Liquids  as  a 
Function  of  Initial  Density. 

(The  data  for  RDX  and  two  of  the  organic  nitrate  esters 
are  also  shown,  r  =  the  correlation  coefficient  for  the 
viscous  energetic  liquids  data.  The  correlation  does 
not  include  the  data  for  Liquids  34C  and  35C.) 
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nation  velocity  of  RDX  (Dobratz,  1981)  and  the  reported  detonation  velocities 
of  BTTN  and  DEGDN  (Federoff  and  Sheffield,  1962  and  1966)  are  also  included*. 

The  correlation  for  the  viscous  energetic  liquids  in  Figure  2  reveals  two 
interesting  aspects: 


1.  The  detonation  velocity  of  the  five  lower  density  charges  increases 
in  an  essentially  linear  relationship  with  density,  as  is  the  case  for 
all  conventional  organic  explosives.  In  fact,  the  plotted  correlation 
was  based  on  these  five  points. 


2.  The  detonation  velocities  of  Liquids  34C  and  35C  notably  deviate  from 
the  observed  linear  behavior,  and  exhibit  velocities  that  are  less 
than  the  values  predicted  from  the  correlation.  Inspection  of  Table  1 
reveals  that  these  two  viscous  energetic  liquids  had  the  smallest 
weight  fraction  and  particle  size  of  microballoons. 


It  thus  appears  that  the  microballoons  had  a  sensitizing  influence  on  the 
detonation  propagation  in  the  viscous  energetic  liquids,  but  that  this  influ¬ 
ence  diminished  as  the  amount  and  size  of  the  microballoons  decreased.  One 
therefore  wonders  what  the  detonation  velocity  would  have  been  if  no  microbal¬ 
loons  had  been  utilized,  or  whether  the  detonation  would  even  have  been  stable 
These  questions  will  be  answered  in  the  next  phase  of  the  investigation. 


3.2  Correlation  of  the  Chapman- Jouguet  Density 

The  CJ  densities  of  the  viscous  energetic  liquids,  as  computed  in  Table  2, 
have  been  plotted  as  a  function  of  the  initial  density  in  Figure  2,  and  a  least- 
squares  linear  relationship  has  been  derived  and  drawn  through  the  points**. 

For  purposes  of  comparison,  the  correlations  of  Cooper  (1989)  and  of  Roth  (1994), 
based  on  experimental  data,  and  the  correlation  of  Hardesty  and  Kennedy  (1977), 
based  on  computer-generated  data,  have  been  included  in  the  graph.  Except  for 
two  points  which  are  in  agreement  with  the  referenced  curves,  in  general  the 
derived  correlation  predicts  CJ  densities  that  are  in  the  range  4-7  percent  less 
than  those  predicted  by  Cooper,  Roth,  and  Hardesty  and  Kennedy.  Nevertheless, 


*The  detonation  velocity  of  TEGDN  is  not  shown  in  Figure  1.  As  a  pure  mate¬ 
rial,  its  detonation  is  non-ideal,  and  the  explosive  requires  very  heavy 
confinement  for  propagation  to  occur.  The  detonation  velocity  under  such 
conditions  is  reported  to  be  less  than  1.5  km/s. 

**The  CJ  density  of  1.862  Mg/m^  for  Liquid  36E  (Test  No.  20)  has  not  been 
plotted  nor  included  in  the  correlation,  because  its  value  appears  to  be 
abnormally  high. 
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the  CJ  density  of  the  viscous  energetic  liquids  collectively  is  a  monotonically 
increasing  function  of  the  initial  density. 

At  first  glance,  however,  the  premise  that  the  CJ  density  is  inde-pendent 
of  chemical  composition  appears  to  have  been  violated,  if  one  compares  the 
derived  correlation  with  respect  to  the  standard  correlations.  All  of  these 
correlations  depend  on  both  the  detonation  velocity  and  the  detonation  pres¬ 
sure.  The  measurement  of  the  former  is  accomplished  with  great  accuracy,  but 
unfortunately  that  of  the  latter  is  more  an  art  than  a  science.  Hence,  uncer¬ 
tainties  in  the  CJ  density  are  directly  attributed  to  uncertainties  in  the 
pressure.  Equation  (1)  in  Table  2  shows  that  a  lower-than-expected  detonation 
pressure  will  result  in  a  similar  error  in  the  density,  and  this  is  verified  by 
the  derived  correlation  in  Figure  2. 

There  are  insufficient  data  to  ascertain  whether  this  inconsistency  is  due 
to  a  systematic  error  in  the  pressure  measurements  or  to  a  phenomenon  associ¬ 
ated  with  the  use  of  microballoons.  With  respect  to  the  first  possibility. 
Figure  1  in  Part  II  shows  that  the  surface  of  the  viscous  energetic  liquids 
opposite  the  wall-mounted  pressure  gauges  in  the  instrumented  channel  apparatus 
was  unconfined.  This  in  turn  may  have  rendered  the  gauge  calibration  equations 
(Austing  et  al.,  1995)  not  completely  valid.  In  other  words,  some  nonideality 
may  have  occurred  in  the  detonations,  even  though  the  observations  in  Part  I 
indicated  that  reliable  propagation  was  obtained  in  viscous  energetic  liquids 
only  10  mm  thick.  One  consequence  of  nonideal  detonation  would  be  lower-than- 
expected  detonation  pressure. 

The  possibility  that  the  microballoons  would  have  influenced  the  recorded 
detonation  pressures  can  be  resolved  in  future  experiments  in  which  complete 
detonation  state  measurements  would  be  made  on  a  given  explosive  formulation 
as  a  function  of  microballoon  weight  fraction  and  particle  size,  including 
tests  on  charges  containing  no  microballoons.  Perhaps  it  is  not  a  coincidence 
that  the  data  point  associated  with  the  end-mounted  gauge  for  Liquid  No.  35C 
(Test  No.  14)  yielded  a  CJ  density  of  2.026  Mg/m^,  which  in  Figure  2  agreed 
very  well  with  the  Cooper  and  Roth  data.  Recall  from  Table  1  and  Figure  1 
that  this  charge  had  a  lesser  weight  fraction  and  smaller  particle  size  of 
microballoons,  and  that  the  detonation  velocity  deviated  from  the  observed 
linear  behavior  of  the  other  charges.  This  observation  prompts  us  to  speculate 
that  indeed  the  presence  of  the  microballoons  affected  the  magnitude  of  the 


Pi  (Chapman  -  Jouguet  Density  (Mg/m 


0.5  1.0  1.5  2.0 

Po  ,  Initial  Density  (Mg/m^  ) 


Figure  2.  The  Chapman-Jouguet 
Density  of  Detonating  Viscous 
Energetic  Liquids  and  Conventional 
Explosives  as  a  Function  of 
Initial  Density. 


Figure  3.  The  Adiabatic  Exponent 
for  Detonating  Viscous  Energetic 
Liquids  (Individual  Points)  and 
Conventional  Explosives  (Smooth 
Curves)  as  a  Function  of  Initial 
Density. 

(The  equation  for  the  correlation 
is  based  on  the  density  correlation 
in  Figure  2.) 
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Table  3.  Computation  of  the  Adiabatic  Exponent  by  Four  Methods 


Liquid 

No. 

Po,  Initial 
Density  (Mq/m  ) 

Adiabatic 

Exponent 

Gamma 

Law,  Equ.  2 

Present 

Effort,  Equ.  a 

Roth, 
Equ.  b 

Hardesty  and 
Kennedy,  Equ.  c 

34C 

1.524 

3.95 

3.32 

3.56 

2.76 

3.06 

35C 

1.493 

3.56 

2.80 

3.56 

2.75 

3.04 

35B 

1.441 

3.91 

4.08 

3.55 

2.73 

3.01 

35A 

1.401 

3.70 

3.81 

3.54 

2.72 

2.98 

35E 

1.316 

3.87 

3.06 

3.53 

2.70 

2.93 

36E 

1.297 

3.75 

2.30 

3.53 

2.69 

2.92 

36F 

1.224 

3.22 

3.52 

2.66 

2.86 

Applicable  Equations: 


Applicable  Equations: 

Gamma  Law:  Y  =  PqD^/Pi  -  1  (2) 

Density  Correlation:  y  =  [pi/po  -  1]"^  (3) 

Present  Effort:  y  =  [0.0206/po  +  0.2674]'^  (a) 

Roth  (1994):  Y  =  [0.08003/po  +  0.3101]"^  (b) 

Hardesty  and 

Kennedy  (1977):  y  =  [0.136/po  +  0.238]"^  (c) 


recorded  pressures  for  all  of  the  viscous  energetic  liquids. 

3.3  Attempted  Correlation  of  the  Adiabatic  Exponent 

The  adiabatic  exponent  has  been  calculated  from  the  gamma  law  relationship 
and  from  the  various  density  correlations  in  Figure  2,  and  the  results  are 
tabulated  in  Table  3  and  plotted  as  a  function  of  initial  density  in  Figure  3. 
The  adiabatic  exponent  according  to  the  gamma  law  is  very  sensitive  to  the 
uncertainty  in  the  measured  pressure,  which  accounts  for  the  tremendous  scatter 
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of  the  individual  points;  hence,  Roth  stresses  that  computations  based  on 
normalized  density  correlations  provide  a  more  satisfactory  estimate. 

The  present  correlation  in  Figure  3  predicts  adiabatic  exponents  that  are 
about  20  percent  higher  than  the  data  of  Hardesty  and  Kennedy,  and  about  40 
percent  higher  than  the  data  of  Roth  and  Cooper.  The  objective  was  to  demon¬ 
strate  that  the  adiabatic  exponent  of  the  detonating  viscous  energetic  liquids 
was  independent  of  chemical  composition  and  dependent  only  on  the  initial 
density.  If  such  were  true,  the  present  correlation  should  have  lain  much 
closer  to  those  of  Cooper,  Roth,  and  Hardesty  and  Kennedy.  Its  failure  to  do 
so  means  that  this  objective  cannot  be  satisfied,  and  must  await  the  resolution 
of  the  dilemma  concerning  the  pressure  measurements.  To  repeat  what  was  stated 
earlier,  either  there  was  a  systematic  error  in  these  measurements  or  the  pres¬ 
ence  of  the  microballoons  influenced  the  results  in  some  manner. 

In  the  previous  section,  we  discussed  the  possibility  that  nonideal  deto¬ 
nation  may  have  exerted  an  influence  on  the  recorded  pressures.  Roth  discusses 
the  role  of  nonideal  detonation,  and  presents  a  derivation  to  show  that  incom¬ 
plete  reaction  (one  of  the  attributes  of  nonideality)  will  result  in  higher 
values  of  the  adiabatic  exponent.  Thus,  while  it  is  difficult  to  comprehend 
that  the  viscous  energetic  liquids  reacted  incompletely  and  detonated  nonide¬ 
al  ly,  nevertheless  it  is  a  possibility  that  must  be  accepted  and  appropriately 
considered  in  future  experimentation. 

4.  Conclusions 

This  manuscript  represents  one  portion  of  a  continuing  investigation  of 
viscous  energetic  liquid  explosives  which  can  be  initiated  by  a  cloud  of  deto¬ 
nating  dispersed  explosive  particles.  These  viscous  explosives  were  formulated 
from  nitrocellulose,  a  liquid  organic  nitrate  ester,  and  fine  RDX  powder;  the 
desired  sensitivity  was  achieved  by  incorporation  of  glass  microballoons.  The 
initiation  and  detonation  measurements  were  reported  in  two  papers  at  the 
Twentieth  International  Pyrotechnics  Seminar,  and  these  respectively  comprised 
Part  I  and  Part  II  of  the  investigation.  The  objective  of  the  effort  herein, 
which  comprises  Part  III,  was  to  ascertain  whether  the  detonation  performance 
of  these  explosives  was  in  agreement  with  that  for  conventional  high  explosives. 

For  ideally  detonating  explosives,  it  has  been  established  that  the  deto- 


nation  velocity  is  dependent  on  the  chemical  composition,  but  for  a  given  explo¬ 
sive  is  described  by  a  direct  linear  relationship  with  initial  density.  On  the 
other  hand,  the  Chapman-Jouguet  (CJ)  density  and  the  adiabatic  exponent  are 
independent  of  chemical  composition  and  are  functions  only  of  the  initial 
density. 

The  detonation  data  for  the  viscous  energetic  liquids  did  not  meet  all  of 
the  above  criteria,  although  some  were  partially  satisfied.  For  example,  the 
detonation  velocity  in  general  did  exhibit  a  monotonic  increase  with  initial 
density,  but  two  of  the  charges  containing  lesser  amounts  and  smaller  sizes  of 
microballoons  achieved  velocities  that  were  notably  less  than  what  was  predicted 
by  the  linear  correlation.  Likewise,  the  CJ  density  correlated  with  initial 
density,  but  on  the  average  was  about  6  percent  less  than  predicted  by  investi¬ 
gators  such  as  Cooper  and  Roth.  This  was  attributed  to  lower-than-expected 
detonation  pressures;  it  is  not  known  whether  this  discrepancy  was  due  to  a 
systematic  error  in  the  measurements  or  to  the  use  of  microballoons.  Whatever 
the  reason,  a  definitive  conclusion  that  the  CJ  density  of  the  viscous  ener¬ 
getic  liquids  was  independent  of  chemical  composition  could  not  be  drawn. 

The  uncertainty  in  the  pressure  measurements  resulted  in  a  large  scatter 
in  the  individual  values  of  the  adiabatic  exponent,  and  so  no  correlation  with 
initial  density  was  apparent.  An  equation  was  derived  from  the  CJ  density 
relationship,  but  this  equation  predicted  the  adiabatic  exponent  to  be  a  weak 
function  of  the  initial  density  and  about  40  percent  greater  than  the  data  of 
Cooper  and  Roth.  The  possibility  that  nonideal  detonation  with  incomplete 
reaction  was  the  cause  of  this  discrepancy  was  considered,  but  not  proven. 

Based  on  the  above  observations,  it  is  concluded  that  the  detonation  in 
the  viscous  energetic  liquids  as  formulated  for  this  investigation  did  not 
propagate  in  accordance  with  the  principles  that  govern  classical,  ideal  deto¬ 
nation  in  conventional  explosives.  The  contribution  of  the  microballoons  to 
this  behavior,  if  indeed  they  played  a  role,  is  not  understood  at  this  time. 

Future  effort  will  include  complete  detonation  state  measurements  on 
viscous  energetic  liquids  containing  no  microballoons,  and  further  analysis  of 
the  detonation  data.  The  methodology  of  Walker  (1990)  will  be  invoked  to 
calculate  the  detonation  velocities  of  the  viscous  energetic  liquids,  in  a 
manner  similar  to  the  calculation  for  TNT/Dinitrogen  Tetroxide  by  Austing  et 
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al.  (1995a).  Finally,  analysis  of  the  mechanism  by  which  microballoons  affect 

the  sensitivity,  in  the  context  of  the  observations  of  Leiber  (1985,  1986), 

will  be  undertaken. 
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Fortschrittliche  Methoden  zur  Bestimmung  der  Stabilitat  von  Ziind-  und 
Anziindstoffen  und  Munitionskomponenten 


Manfred  Kaiser,  Winfried  Scheunemann,  UIdis  Ticmanis 
Bundesinstitut  fur  chemisch-technische  Untersuchungen  beim  BWB  (BICT) 
GrofSes  Cent,  D-53913  Swisttal 


Abstract 

Advanced  methods  for  the  determination  of  primary  explosives  and  components 

It  is  a  major  problem  to  predict  the  long  term  shelf  life  of  ammunition  from  short  term  expe¬ 
riments  in  connection  with  the  unavoidable  temporal  extrapolation  of  the  results. 

Also,  extreme  environmental  conditions  e.g.  in  “out  of  area“  regions  must  be  covered  by  the 
tests.  Especially,  high  temperatures  may  have  greater  influence  on  the  stability  of  the  explosives. 
Therefore,  a  reliable  estimation  of  the  shelf  life  can  only  be  based  on  reaction  kinetics  using 
thermoanalytical  tools  such  as  DSC,  TGA  or  heat  flow  calorimetry  combined  with  functional  te¬ 
sting  of  the  relevant  explosive  components.  In  this  context  it  is  of  fundamental  importance  to  use 
optimized  temperature  test  profiles,  which  is  demonstrated  by  experiments  and  as  well  by  model 
calculations  because  a  deviation  of  the  optimal  programs  can  lead  to  even  catastrophically  wrong 
estimations  about  the  stability  of  explosives. 

To  calculate  the  shelf  life  of  ammunition  and  its  components  as  a  function  of  time  and  tempe¬ 
rature,  it  is  necessary  -  besides  the  description  of  the  kinetics  of  decomposition  -  to  test  the 
function  of  thermally  stressed  material  and  to  estimate  a  critical  reaction  degree. 

Zusammenfassung 

Die  langjahrige  Einsatzdauer  militarisch  verwendeter  Explosivstoffe  muB  im  allgemeinen  durch 
relativ  kurzfristige  Untersuchungen  gewahrleistet  werden.  Deshalb  ist  eine  Zeitextrapolation  der 
MeBergebnisse  stets  erforderlich.  Andererseits  miissen  auch  zwischenzeitliche  Sonderbelastun- 
gen  -  etwa  bei  Einsatzen  in  anderen  Klimagebieten  -  beriicksichtigt  werden.  Hinreichende  Si- 
cherheit  der  verschiedenartigen  Voraussagen  kann  nur  unter  Einbeziehung  kinetischer  Reakti- 
onsmodelle  erreicht  werden.  Das  jeweils  zutreffende  Modell  kann  nur  bei  geeigneter  Versuchs- 
fuhrung  unter  gleichzeitiger  Beriicksichtigung  der  verfugbaren  MeBgenauigkeit  ermittelt  werden. 
Aus  diesen  Uberlegungen  resultieren  fur  die  thermoanalytischen  Verfahren  (DSC,  TG,  statische 
Kalorimeter)  einzusetzende  MeBprogramme,  deren  Anwendung  zu  tragfahigen  Resultaten  fuhrt. 
Demgegeniiber  wird  anhand  von  Modellrechnungen  und  MeBbeispielen  gezeigt,  daB  Abwei- 
chungen  von  diesen  optimalen  Programmen  zu  katastrophalen  Fehleinschatzungen  der  Stabilitat 
von  Explosivstoffen  fiihren  konnen. 

Um  die  Lebensdauer  von  Munitionskomponenten  als  Zeit-  und  Temperaturfunktion  berechnen 
zu  konnen,  muB  neben  der  kinetischen  Beziehung  durch  Funktionspnifungen  gezielt  belasteter 
Priiflinge  zusatzlich  ein  kritischer  Reaktionsgrad  ermittelt  werden. 
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1.  Anforderungen  an  Prufmethoden  fiir  die  thermische  Stahilitat 


In  Deutschland  militarisch  eingesetzte  Munition  soli  i.  a.  zehn  Jahre  lang  sicher  und  funktions- 
fahig  bleiben.  Im  Zeichen  schwindender  Mittel  kann  kunftig  mit  noch  langeren  Gebrauchszeiten 
gerechnet  werden. 

Daruberhinaus  sind  neben  den  normalen  Belastungen  beim  Umgang  und  bei  der  Lagerung  in 
wachsendem  MaBe  besondere  Einwirkungen  -  etwa  beim  Einsatz  in  anderen  Klimagebieten  -  zu 
berucksichtigen. 

Leistungsfahige  Prufmethoden  sollten  es  ermoglichen,  solche  Fragestellungen  -  moglichst 
quantitativ  -  zu  beantworten.  Um  die  Qualifikationsprozeduren  nicht  iibermaBig  zu  verzdgem,  ist 
dazu  eine  Prufdauer  von  hdchstens  einigen  Wochen  zu  fordern;  die  extreme  Zeitextrapolation  bis 
zur  Gebrauchslebensdauer  erfordert  eine  zuverlassige  Theorie. 


2.  Normierbarkeit  der  Priifmethode 

In  eingefuhrten  Priifvorschriften  wird  versucht,  das  Problem  mit  festgelegten  Belastungstempera- 
turen  und  -zeiten  zu  Ibsen,  z.B.: 

•  Stabilitatstest  im  Vakuum 


Messung  der  Gasabspaltung  von  Explosivstoffen  nach  40  h  Lagerung  bei  100  °C. 


•  Prufung  der  Lagerbestandigkeit  bei  extremen  Temperaturen 


4-wbchige  Lagerung  von  Ziindem  oder  Ziindmitteln  bei  71  °C  (oder  -54  °C)  mit  anschlieBender 
Funktionsprufung  (nach  MIL-STD  33 IB,  PV  C  6). 

Die  thermische  Zersetzungsreaktion  von  Explosivstoffen  wird  durch  die  Temperatur  und  die 
Expositionszeit  bestimmt  und  -  wie  spater  zu  formulieren  sein  wird  -  durch  eine  kinetische  Glei- 
chung  beschrieben.  Der  fiir  die  Temperaturextrapolation  entscheidende  Parameter  ist  dabei  die 
Aktivierungsenergie  E.  Fiir  Explosivstoffe  sind  in  der  Literatur  zahlreiche,  haufig  widerspriich- 
liche  Angaben  dieser  GrbBe  zu  fmden.  Es  kann  jedoch  als  sicher  gelten,  daB  der  glaubwiirdige 
Bereich  sehr  groB  ist.  Einige  Beispiele  sind  in  Tabelle  1  aufgelistet. 
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Tabelle  1 :  Aktivierungsenergie  der  thermischen  Zersetzung  von  Explosivstoffen 


Aktivierungsenergie 

[kJ/mol] 

Explosivstoff 

Literatur 

33,3 

TLP  A  5020 

Frey 

58,7 

TLP  A  5020 

Bohn  und  Volk 

67 

Diazodinitrophenol  (DDNP) 

Yamamoto 

87,4 

Nitroguanidin 

Rogers 

127 

Hexanitrostilben 

Rogers 

132 

Silberazid 

Bartlett,  Tompkins,  Young 

146 

Tetryl 

Connick,  May,  Thorpe 

162 

Nitropenta 

Connick,  May,  Thorpe 

198 

Tetrazen 

Patel,  Chaudhri 

220 

Oktogen 

Robertson 

259 

Tetrazen  in  Sinoxid 

Ticmanis,  Scheunemann 

Der  groBe  Streubereich  der  Werte  bedeutet  praktisch,  daB  die  der  Priifzeit  bei  hoherer  Tempera- 
tur  aquivalente  Lagerzeit  bei  Raumtemperatur  sich  von  Stoff  zu  Stoff  um  viele  GrdBenordnungen 
unterscheiden  kann.  Fehlbeurteilungen  in  beide  Richtungen  -  Aussondern  eines  hinreichend 
stabilen  und  Akzeptanz  eines  instabilen  Ziindmittels  -  sind  ohne  weiteres  moglich  (9). 

In  der  Bilanz  ist  festzustellen,  daB  aufgrund  der  sehr  unterschiedlichen  Stoffreaktionen  Pruf- 
methoden  zur  Bestimmung  der  thermischen  Langzeitstabilitat  nicht  generell  normierbar  sind. 


3.  Richtlinien  fiir  Priifmethoden 

Planung,  Fuhrung  und  Auswertung  von  Versuchen  sind  durch  die  Art  der  zu  priifenden  Theorien, 
dem  Untersuchungsziel  und  der  verfiigbaren  MeBgenauigkeit  bestimmt.  Unter  Beachtung  dieser 
Wechselwirkung  lassen  sich  Richtlinien  fur  eine  quantitative  Behandlung  ableiten: 

Richtlinien  fur  Prufmethoden 

P  1  Erkermen  der  dominierenden  Reaktionen 
P  2  Formulierungen  der  Reaktion 

P  3  Ermittlung  (Abschatzung)  des  kritischen  Reaktionsgrades 
P  4  Wahl  der  Untersuchungsmethode 

P  5  Hinreichende  Variierung  der  EinfluBgroBen  Temperatur  und  Reaktionsgrad 
P  6  Unabhangige  Variierung  der  EinfluBgroBen 
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P  7  Priifung  der  Formulierungen  durch  Regressionsrechnung,  Wahl  der  Besten 
P  8  Extrapolationstest 
P  9  Wenn  vertretbar,  Akzeptanz. 


Soweit  erforderlich,  werden  im  folgenden  die  einzelnen  Punkte  der  Richtlinien  in  Kiirze 
erlautert. 

P  1  Erkermen  der  ('dominierenden)  D-Reaktion 


Die  Wahrscheinlichkeit,  daJ5  in  Explosivstoffgemischen  und  sogar  in  Munitionsteilen  mit  mehre 
ren  Gemischen  eine  einzige  Komponente  die  Schadigung  dominiert,  ist  aufgrund  sehr  unter- 
schiedlicher  Reaktionsraten  der  Stoffe  recht  hoch.  Eine  zuverlassige  Auswahl  ist  meist  aus  den 
vorhandenen  thermoanalytischen  Datensammlungen  oder  aus  Analysen  nach  Belastung  moglich 

P  2  Formulierungen  der  Reaktion 


Nach  unserer  Erfahrung  gentigt  in  den  meisten  Fallen  die  allgemeine  Gleichung 

da/dt  =  f(a)  •  Ae  (1) 

a  Reaktionsgrad  (0->  1 ) 
t  Reaktionszeit 

T  Reaktionstemperatur 
da/dt  Reaktionsgeschwindigkeit  (Reaktionsrate) 
f(a)  Reaktionsmodell  (RM) 

A  Frequenzfaktor  (vorexponentieller  Faktor) 

E  Aktivierungsenergie 


Zwar  sind  thermische  Zersetzungen  von  Explosivstoffen  iiberwiegend  mehrstufige  Prozesse, 
doch  kdnnen  konkurrierende  und  konsequente  Reaktionen  in  aller  Regel  vernachlassigt  werden. 


Die  wichtigsten  Reaktionsmodelle  in  Gl.  1 


RM  1  f(a)  =  (1-a)" 

RM2  f(a)  =  (1-a)  •  [l+(a-l)-a] 

RM3  f(a)  =  (l-a)-(-ln(l-a)/ 

RM4  f(a)  -  (1-a/- a*" 


Reaktion  n.  Ordnung 

Reaktion  1 .  Ordnung  mit  Autokatalyse 

Reaktion  nach  Avrami-Erofeev 

Prout-Tompkins 


Explosivstoffe  reagieren  in  aller  Regel  autokatalytisch,  bevorzugt  nach  Typ  RM  2. 
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P  3  Ermittlung  des  kritischen  Reaktiongserades 

Als  kritischer  Reaktionsgrad  wird  hier  der  maximale  Umsatz  der  D-Reaktion  verstanden,  bei 
dem  die  Funktion  der  Munitionskomponente  („Gegenstand“)  noch  hinreichend  ist. 

Dieser  Wert  wird  i.a.  durch  BeschuBversuche  belasteter  Gegenstande  zu  ermitteln  sein.  Ist  eine 
Bestimmimg  nicht  mdglich,  sollte  im  Zweifelsfall  auf  ein  sehr  niedriges  Niveau  -  z.B.  1  %  -  ge- 
schatzt  werden. 


P  R  Extrapolationstest 


Insbesondere  bei  Methoden,  deren  Arbeitstemperaturen  betrachtlich  iiber  den  zu  erwartenden 
Belastungstemperaturen  liegen,  empfiehlt  sich  ein  Isotherm-Test  der  erhaltenen  Beziehung.  Bei 
diesem  wird  gepruft,  inwieweit  der  vorausgesagte  Umsatzgrad  nach  z.B.  20  h  Lagerung  zutrifft. 
Wurden  keine  kompletten  kinetischen  Beziehungen,  sondern  nur  die  Aktivierungsenergie  ermit- 
telt,  kdnnen  fur  die  modellfreie  Schatzung  der  Isotherm-Zeiten  zwei  Gleichungen  eingesetzt 
werden,  die  sich  auf  jeweils  gleiche  Umsatzgrade  fiir  Messungen  und  Extrapolation  beziehen. 


E  aus  Isothermmessungen: 


(2) 


E  aus  dynamischen  Messungen: 

^  r  pE/RT 
t  '-'dyn  ^ 

t 

T 

C. 


isotherme  Lagerzeit 

dazugehorige  konstante  Lagertemperatur 

E/RTp 

ip  e 


(3) 


0 

tp  isotherme  Lagerzeit  in  der  Prufung 
Tp  konstante  Lagertemperatur  in  der  Prufung 

Tjyn  dynamische  Temperatur,  bei  der  der  Referenzreaktionsgrad  erreicht 
wurde 

H  Heizrate  des  dynamisehen  Versuchs 


Die  Konstanten  der  Formeln  2  und  3  sind  leicht  zu  bestimmen,  sie  sind  fur  viele  Problemldsun- 
gen  bereits  hinreichend. 


4.  Temperaturfuhrung 

In  diesem  Abschnitt  wird  im  wesentlichen  der  Punkt  6  unserer  Richtlinien  -  unabhangige  Vari- 
ierung  der  EinfluBgrdBen  -  abgehandelt.  Diese  Sonderbehandlung  ist  jedoch  gerechtfertigt,  da  die 
Nichtbeachtung  dieses  Punktes  immer  noch  die  Hauptquelle  von  Fehleinschatzungen  ist,  ins¬ 
besondere  bei  Methoden  mit  ansteigender  Temperaturfuhrung.  Dabei  werden  Temperatur  und 
Reaktionsgrad  zwar  maximal,  jedoch  gleichsinnig  variiert.  Dieses  indiziert  a  priori  eine  schlechte 
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Trennung  der  Wirkung  der  EinfluBgroBen  und  hohe  gegenseitige  Kompensationsfahigkeit.  Wir 
haben  das  vielfach  vorhandene  Unbehagen  durch  Modellrechnungen  quantifiziert. 

Dau  wurden  „Versuchsdaten“  aus  der  integrierten  Form  der  Gl.  1  mit  den  drei  autokatalytischen 
Modellen  RM  2,  RM  3  und  RM  4  gerechnet  und  die  Qualitat  der  Wiedergabe  durch  die  best- 
angepaBte  Reaktion  n-ter  Ordnung  (RM  1)  -  ebenfalls  in  der  integrierten  Form  -  gepriift.  Die 
Heizrate  wurde  zu  1  K/min  gewahlt. 


Tabelle  2:  Anpassung  autokatalytischer  Reaktionen  durch  n-Ordnungsreaktionen 


Erzeugungsreaktion _ angepaBte  Reaktion  n.Ordnung 


RM 

A 

[s-’] 

E 

[kJ/mol] 

Konstanten 

A 

[s-'l 

E 

[kJ/mol] 

S  (%) 

RM2 

10^ 

a 

5 

9,449- 10*^ 

177,2 

1,264 

1,9 

1  .Ordn. 

10^ 

20 

9,455-10’^ 

269,8 

1,333 

2,1 

mit  AK 

10^ 

100 

7,540-10^^ 

408,1 

1,449 

1,8 

RM3 

1,80-10* 

P 

0,4 

5,553-10'* 

88,9 

0,996 

Avrami- 

6,75-10* 

50 

0,6 

1,617-10*** 

136,9 

0,995 

0,040 

Erofeev 

50 

0,8 

2,516-10^^ 

280,7 

0,998 

0,030 

r 

m 

RM4 

3,328-10^ 

100 

0,8 

0,2 

8,444-10® 

125,4 

0,846 

0,079 

Prout- 

1,113-10’ 

100 

0,6 

0,4 

4,556-10*^ 

167,0 

0,663 

0,20 

Tompkins 

4,189-10’ 

100 

0,4 

0,6 

9,140-10” 

249,6 

0,441 

0,30 

s  Standardabweichung  der  a-Werte  beider  Reaktionen 


Die  ausgezeichnete  Anpassung  wird  auch  in  den  folgenden  Darstellungen  erkennbar  (Abb.  1 ,  2 
und  3). 


Abb.  L  Anpassung  einer  Reaktion  1 .  Ordnung  Abb.  2.  Anpassung  einer  Reaktion 

mit  Autokatalyse  (a  =  20)  nach  Avrami-Erofeev  (n  =  0,6) 


Temperatur  [°C] 


Abb.  3.  Anpassung  einer  Reaktion  nach  Prout-Tompkins  (r  =  0,6,  m  =  0,4) 


Aus  der  Standardabweichung  und  den  graphischen  Darstellungen  erkennt  man  die  uberraschende 
Genauigkeit,  mit  der  die  autokatalytischen  Reaktionen  durch  eine  falsche  Reaktion  n.Ordnung 
wiedergegeben  werden.  Dabei  ist  insbesondere  auf  die  viel  zu  hohen  Werte  der  gefundenen  Ak- 
tivierungsenergie  hinzuweisen,  die  zu  einer  katastrophalen  Uberschatzung  der  Stabilitat  flihren 
kann. 

Thermogravimetrische  Messungen  an  Diazodinitrophenol  (DDNP,  Diazol)  und 
Di(aminoguanidinium)-azotetrazolat  (DAGAT) 


Diazo!  (2,4-dinitro-6-diazophenol) 


Di-(aminoguanidinium)-azotetrazolat 


beweisen,  daB  solche  guten,  aber  falschen  Anpassungen  auch  praktisch  alltaglich  sind,  wenn 
Messungen  mit  einer  Heizrate  ausgewertet  werden. 
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Abb.  4.  Anpassung  einer  TG-Messung  von 
DDNP  (H  =  0,1  K/min) 

Parameter  der  n-Ordnungsreaktion: 

A  =  2,980  •  lO’V’,  E  =  593,2  kJ/mol, 
n  =  2,063 


Abb.  5.  Anpassung  einer  TG-Messung 
von  DAGAT  (H  =  0,1  K/min) 
Parameter  der  n-Ordnungs- 
reaktion:  A  =  1,682-10'°'^  s'‘, 

E  =  934,5  kJ/moI  n=l,07 


Spater  wird  gezeigt,  daO  beide  Stoffe  autokatalytisch  und  sehr 
viel  niedriger  aktiviert  reagieren. 


Fiihrt  man  zusatzlich  einen  zweiten  dynamischen  Versuch  bei 
deutlich  verschiedener  Heizrate  durch.  so  verschiebt  sich  der 
Temperaturbereich  der  Reaktion.  Gleiche  Reaktionsgrade  kon- 
nen  bei  verschiedenen  Temperaturen  ermittelt  werden.  Die 
Zwangskombination  der  Einfluj3gr6Ben  ist  damit  aufgehoben, 
die  Trennung  der  Wirkung  der  EinfluBgrdBen  wird  scharf,  wenn 
die  Daten  beider  oder  besser  mehrerer  Messungen  vereint  und 
gemeinsam  ausgewertet  werden;  es  paBt  nur  noch  ein  wenig- 
stens  angenahert  richtiges  Reaktionsmodell. 


Aus  Uberlegungen  dieser  Art  wurden  geeignete  MeBprogramme 
(Temperaturfuhrungen)  abgeleitet,  mit  denen  ein  Datenfeld  er- 
zeugt  werden  kann,  das  „scharf  ‘  genug  ist,  urn  die  kinetischen 
Parameter  mit  einiger  Sicherheit  zu  ermitteln. 


Abb.  6.  MeBprogramme  zur  Ermittlung  kinetischer  Parameter 
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5.  Anwendungsbeispiele 

Im  folgenden  werden  einige  Untersuchimgen  schematisch  vorgestellt,  bei  denen  wir  recht  zuver- 
lassige  und  extrapolationsfahige  kinetische  Daten  ermittelt  haben. 

Tetrazen 


Methoden: 

Probengrdfie: 

V  ersuchsflihrung : 
Temperaturbereich: 
Auswertung: 
Ergebnisse: 


Extrapolation: 


Methode: 

ProbengroBe: 

Versuchsfiihrung: 

Temperaturbereich: 

Auswertung: 

Ergebnis: 

Extrapolation: 


HN.  .N 


NH 


N' 


•H  O 

2 


Tetrazen 


TG,  DDK  (DSC) 

ca.  1  mg  in  Al-Tiegeln  mit  Deckel  und  Loch 

dyn.  bei  Heizraten  von  0,1  bis  1  K/min  (Nr.  5  in  Abb.  6) 

110  bis  130“C 

Bestimmung  der  Aktivierungsenergie  nach  Kissinger 
E  =  181,1  kJ/mol  aus  DTG 
E  =  200,0  kJ/mol  aus  DDK 
Reaktion  ist  autokatalytisch 

20  h  Isothermtest  gibt  geringe  Abweichung  (ca.  5  %) 
gegeniiber  Voraussage  nach  Gl.  3  (DTG) 
geringe  Abweichungen  gegen  WarmefluBmessungen  bei 
60-80  °C 


PAGAT 


TG 

ca.  1  mg 

dyn.  bei  Heizraten  von  0,1  bis  1  K/min  (Nr.  5  in  Abb.  6) 
180-200  °C 

Bestimmung  der  Aktivierungsenergie  nach  Kissinger 
E  =  207,8  kJ/mol  (nicht  934,5!) 

20  h-Isothermlagerung  gibt  eine  Abweichung  von  ca.  3  % 
gegeniiber  der  Voraussage  nach  Gl.  3 
Reaktion  ist  extrem  autokatalytisch 
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reziproke  Temperatur  [l/K]  reziproke  Temperatur  [)/K] 


Abb.  7.  Kissinger-Auswertung"^  der  TG-Mes-  Abb.  8.  Kissinger- Auswertung  der 

sungen  an  Tetrazen  TG-Messungen  an  DAG  AT 


Methode: 

ProbengroBe: 

V  ersuchsfuhrung ; 

Temperaturbereich: 

Auswertung; 

Ergebnis: 


NitroDenta-Tetrvl-Eutektikum 


TG 

20-50  mg  in  Tiegeln  mit  Deckel 

isotherm  bei  4  Temperaturen  (Nr.  1  in  Abb.  6) 

130-150'’C 

Iso-a-Plot  iiber  den  gesamten  Reaktionsbereich,  selek- 
tive  Bestimmung  der  Aktivierungsenergie  und  des  Reak- 
tionsmodels  mit  fmaler  Totalregression 
Der  Stoffumsatz  entspricht  einer  Reaktion  1 .  Ordnung 
mit  Autokatalyse 

(a  =  7,235,  A  =  3,887- 1  o'^  s'^  und  E  =  1 54,3  kJ/mol) 


TLP  T  5700  rOktogen/Binder^ 


Methode: 

ProbengroBe: 

V  ersuchsfuhrung ; 

Temperaturbereich: 

Auswertung: 


Ergebnis: 


TG 

50  rag  in  Tiegeln  mit  Deckel 

Ansteigende  Isothermperioden  mit  langer  Endperiode 
(Nr.  3  in  Abb.  6) 

150  bis  190°C 

Bestimmung  von  Naherungswerten  von  A  und  E  aus  den 
Kurzperioden  und  des  Reaktionsmodells  aus  der  Lang- 
periode. 

Die  Konstanten  werden  durch  Regression  der  integrierten 
Form  der  kompletten  Beziehung  endoptimiert. 

Der  Stoffumsatz  entspricht  mit  hoher  Genauigkeit  und  bis 
zu  einem  Gewichtsverlust  von  77  %  einer  Reaktion 
n.-Ordnung  (n  =  0,2048,  A  -  1,225  s'*,  E  =  162,9  kJ/mol). 
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Abb.  9.  Anpassung  einer  n-Ordnungsreaktion  an  TG-Messungen  von  TLP  T  5700 

Diazodinitrophenol  (DDNP) 


Methoden: 

Probengrofie: 

Versuchsfiihrung; 


Temperaturbereich: 

Auswertung: 

Ergebnis: 


DDK,  TG,  NMR 

1  bis  100  mg  in  Al-Tiegeln  mit  Deckel 
DDK,  dyn.  bei  4  Heizraten  (Nr.  5) 

DDK,  isoth.  bei  3  Temperaturen  (Nr.  1) 

TG,  isoth.  Zyklen  (Nr.  2) 

NMR,  isoth.  (Nr.  1) 

90-  150°C 

Bestimmung  der  Aktiviemngsenergie  aus  alien  Methoden. 
Ermittlung  des  Reaktionsmodells  aus  NMR-Daten. 
Reaktion  entspricht  bis  20%  Massenverlust  1  .Ordnung  mit 
Autokatalyse  (a  =  67,0,  A  ==  5,218  10^^  d  E  =  178  kJ/mol) 


Tetrazen  im  Sintox-Anzundhutchen  DM  1448 


Aufgrund  der  Anwesenheit  von  drei  weiteren  zersetzlichen  Komponenten  (DDNP,  TLP  und 
Zinkperoxid)  bereitete  in  diesem  Fall  die  Erkermung  der  Tetrazenzersetzung  als  dominierender 
Reaktion  einige  Miihe. 


Methode: 

Probengrofie: 

Versuchsfuhrung: 

Temperaturbereich: 


TG 

1  Anziindhiitchen  mit  ca.  30  mg  Sintox-Satz 

dyn.  bei  Heizraten  von  0.1  bis  1  K/min  (Nr.  5  in  Abb.  6) 

120-135'=C 
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Auswertung: 


Ergebnis: 

Extrapolation: 


Soweit  moglich,  Bestimmung  der  Aktivierungsenergie  aller 
zersetzlichen  Komponenten  und  daraus  Abschatzung  der 
Dominanz  im  relevanten  Temperaturbereich  von  20-100°C. 
Tetrazen  bestimmt  das  Langzeitverhalten 
E=  175,9  kJ/mol 

Lagerungen  bis  zu  84  h  ergaben  nur  geringe  Fehler  in  der 
Voraussage  nach  Gl.  3  (vgl.  Tab.  3) 


Tabelle  3 

Isothermer  Extrapolationstest  der  dynamischen  Kinetik 
am  Anzundhiitchen  DM  1448 


Lagertemperatur 

Zeit,  ber.  nach  G1.3 

Zeit,  exp. 

rel.  Fehler 

rc] 

[h] 

[h] 

[%] 

109,5 

3,94 

4,08 

3,6 

100,1 

15,9 

16,4 

3,1 

89,8 

79,8 

84,0 

5,3 

Vergleichspunkt:  Massenverlust  des  dynamischen  Maximums  des  Tetrazens 
2,6  %  auf  Satzgewicht) 


Tetrazen  im  Sinoxid-Anzundhiitchen 


Methoden: 

ProbengroBe: 

Versuchsfiihrung: 

Temperaturbereich: 

Auswertung: 


Ergebnis: 


TG,  Funktionspriifungen  mit  Messung  der  Anziind- 
verzugszeit 

33  Anziindhutchen  mit  je  33  mg  pro  Satz 
Isotherm  TG  in  4  Zyklen  (Nr.  2  in  Abb.  6) 

85-95°C 

Funktionspriifungen  mit  TG-vorbelasteten  Anziindhutchen 
liefern  den  kritischen  Schadigungsgrad 
Regression  der  integrierten  Formen  von  3  Reaktions- 
modellen 

Der  Umsatz  entspricht  einer  Reaktion  nach  Avrami-Erofeev 
mit  A  =  2,656-10^^  min ',  E  =  259,4  kJ/mol  und  p  =  0,094 
Der  kritische  Umsatzgrad  wurde  zu  d  =  0,6  gefunden. 


WarmefluBmessungen  im  Bereich  von  65-80°C  an  den  gleichen  Anzundhiitchen  liefern  praktisch 
identische  Aussagen  fur  Lagerzeitextrapolationen  und  eine  nahezu  gleiche  Aktivierungsenergie 
von  252  kJ/mol 

Die  „Meilensteine“  der  Prozedur  sind  in  den  Abb.  10  und  1 1  dargestellt. 


Abh.lO.  Bestimmung  des  kritischen  Zersetzungsgrades 


Der  Wert  von  161  |jg  vor  den  Versagem  wurde  als  Grenze  angenommen;  aus  dem  Massenverlust 
kann  spater  aus  der  Kinetik  ein  Reaktionsgrad  zugeordnet  werden. 

Cyclus  1 


Cyclus  2 


Cycius  3 


0700  5000  '0000  ■•000  11400 

Irrml  — 


Abb.ll.  Anpassung  des  Arami-Erofeev-Reaktionsmodells 
(durchgezogene  Kurve:  experimentelle  Werte) 


Im  Rahmen  der  damals  zur  Verfugung  stehenden  Mefigenauigkeit  der  Thermowaage  sind  die 
Abweichungen  des  Modells  vom  Experiment  gering. 
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ABSTRACT 

Ageing  of  MTV  (Magnesium,  Teflon,  Viton)  is  caused  by  the  reaction  of  magnesium  with  water  into 
magnesium  hydroxide  and  hydrogen  gas.  This  reaction  continues  until  all  magnesium  is  converted  into 
magnesium  hydroxide.  The  coating  of  magnesium  with  Teflon  and  Viton  has  a  minor  effect  on  the 
progression  of  the  ageing  process. 

The  conversion  rate  during  ageing  of  an  MTV  composition  is  modelled  on  the  basis  of  calorimetric 
measurements  during  ageing  of  MTV  under  various  conditions.  In  the  model  the  conversion  is  insignificant 
until  time  ty  which  can  be  considered  as  an  induction  time.  /)  is  temperature  dependent  but  not  affected  by 
the  humidity  of  the  surrounding  air.  After  h  the  reaction  rate  increases  linearly  in  time.  This  linear  increase 
depends  on  temperature  and  relative  humidity.  After  15  to  20  %  of  the  magnesium  is  converted  at  time  tz 
the  reaction  rate  decreases  linearly  in  time  until  the  conversion  is  complete. 

The  increase  of  the  reaction  rate  after  tx  is  caused  by  the  so-called  ‘peeling-effect’:  during  conversion 
magnesium  hydroxide  shells  are  peeled  off  from  the  magnesium  particles,  in  this  way  enlarging  the  reacting 
magnesium  surface  area.  The  decrease  of  the  reaction  rate  after  t2  is  caused  by  a  decrease  of  the  available 
free  magnesium  surface  area. 

The  proposed  model  is  confirmed  by  measurements  of  the  conversion  of  MTV  that  was  aged  in  a  climatic 
cabinet.  The  model  can  be  used  to  predict  the  conversion  in  time  as  a  function  of  temperature  and  relative 
humidity. 


1.  INTRODUCTION 

Magnesium  is  used  in  pyrotechnics  as  a  fuel.  The  pyrotechnic  composition  MTV  is,  for  instance,  applied  in 
infra  red  flares  and  igniter  compositions  for  rocket  propellants  or  low  vulnerability  gun  propellants  [1].  The 
aim  of  this  study  is  to  investigate  the  influence  of  temperature  and  humidity  on  the  ageing  of  MTV  in  order 
to  gain  a  better  understanding  of  the  deterioration  of  magnesium  containing  compositions  under  various 
conditions.  At  TNO-PML  a  preliminary  model  of  the  ageing  behaviour  is  set  up  which  will  be  used  and 
subsequently  refined  in  a  future  study. 

The  ageing  of  MTV  was  followed  by  various  techniques,  like  microcalorimetry,  IR-spectroscopy,  and  X-ray 
diffraction.  In  order  to  study  the  effects  of  ageing  on  the  performance  of  the  MTV  the  dimensions, 
mechanical  properties,  and  burning  characteristics  of  pressed  igniter  MTV  pellets  have  been  determined. 
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2.  EXPERIMENTAL 


Materials 

For  all  experiments  a  single  batch  of  MTV  was  prepared  consisting  of  65  wt%  Mg,  30  wt%  Teflon,  and 
5  wt%  Viton.  The  magnesium  particles  were  coated  with  Teflon  and  Viton.  Pellets  were  pressed  from  this 
batch  with  a  height  and  diameter  of  15.85  mm  and  a  porosity  of  29.6  vol%.  This  MTV  composition  is  used 
as  igniter  composition  [1]. 


Calorimetry 

Calorimetric  measurements  were  performed  using  MTV  powder,  MTV  pellets,  or  magnesium  powder.  The 
heat  released  correlates  with  the  amount  of  reacted  magnesium  [2],  The  relative  humidity  (RH)  of  the  air  in 
the  calorimeter  was  set  using  saturated  aqueous  salt  solutions.  Conditions  under  which  the  measurements 
were  performed  are  given  in  Table  1 .  For  each  measurement  approximately  5  g  MTV  was  used. 


Table  1  Conditions  under  which  the  calorimetric  measurements  were 
performed. 


code 

rrci 

RH  [%] 

code 

Tf°Cl 

RH  [%] 

PW80-80 

80 

80 

PW50-80 

50 

80 

PW80-60 

80 

60 

PW50-60 

50 

60 

PW80-50 

80 

50 

PW50-50 

50 

50 

PW80-20 

80 

20 

PW50-0 

50 

0 

PW80-0 

80 

0 

PL80-80  *’ 

80 

80 

p\a/60-80 

60 

80 

MG80-80 

80 

80 

PW60-60 

60 

60 

mgSO-O 

80 

0 

PW60-50 

60 

50 

*  Experiment  performed  with  a  pellet  instead  of  powder. 

Experiment  performed  with  magnesium  powder  instead  of  mtv  powder. 


Accelerated  Ageing  of  MTV 

MTV-pellets  were  artificially  aged  in  a  climatic  cabinet  at  a  constant  temperature  of  80°C  and  a  constant  RH 
of  80  %.  At  specific  time  intervals  length,  diameter  and  mass  of  these  pellets  were  measured  after  reducing 
the  RH  for  1  hour  to  less  than  1  %  at  80°C  in  order  to  remove  the  water  from  of  the  porous  pellets. 

Mechanical  characteristics 

Compressibility,  stress  and  compression  modulus  of  MTV  pellets  were  determined  by  compression  of  the 
pellets.  These  measurements  were  performed  in  threefold  under  ambient  conditions. 

Burning  behaviour 

A  closed  vessel  with  a  volume  of  700  ml  was  used  to  determine  the  burning  characteristics  of  the  MTV 
pellets  [3],  For  each  measurement  a  single  pellet  was  ignited  by  a  squib.  Measurements  were  performed  in 
threefold. 
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3.  RESULTS  AND  DISCUSSION 


3.1  Ageing  mechanism  of  mtv 


IR-spectroscopy  and  X-ray  diffraction  show  that  ageing  of  MTV  is  caused  by  the  reaction  of  magnesium 
with  water  into  magnesium  hydroxide: 

Mg  +  2  H2O  ^  Mg(OH)2  +  H2 . 

This  agrees  with  the  fact  that,  after  being  aged  in  a  climatic  cabinet  for  a  long  time,  the  mass  of  MTV 
pellets  is  increased  by  a  factor  of  1 .91  which  corresponds  to  a  conversion  of  100  %.  Chemical  analysis  also 
confirms  the  formation  of  magnesium  hydroxide. 


The  coating  of  the  magnesium  particles,  consisting  of  Teflon  and  Viton,  deteriorates  not  measurably  during 
ageing. 


The  MTV  pellets  increase  in  mass  and  size  during  ageing.  Table  2  shows  the  averages  of  the  mass  and  size 
increase  as  a  function  of  time  for  pellets  which  were  stored  at  80°C  and  80  %  RH. 


Table  2  Increase  of  mass  and  volume  of  MTV-pellets  during  ageing  at  80‘’C  and 
80  %  RH. 


Ageing  time  [h] 

Mass  increase  [%] 

Volume  increase  by  factor 

32 

4.2  ±0.1 

1 .038  ±  0.002 

81 

38.9  ±  0.5 

1 .552  ±  0.020 

143 

72.7  ±  0.5 

2.272  ±  0.022 

336 

91.1  ±0.2 

3.68  ±0.13 

The  observed  mass  increase  is  a  result  of  the  ageing  reaction,  given  above.  The  volume  increase  is  only 
partly  caused  by  the  formation  of  magnesium  hydroxide,  which  has  a  different  density  than  magnesium. 
The  main  cause  of  the  volume  increase  is  the  fact  that  during  the  ageing  process  magnesium  hydroxide 
shells  are  peeled  off  from  the  magnesium  particles,  the  so-called  ‘peeling  effect’  [4].  These  shells  also  push 
the  TeflonA^iton  matrix  aside,  hence  enlarging  the  porosity  of  the  pellets  considerably. 


3.2  Calorimetry 

The  microcalorimetric  measurements  show  no  heat  production  if  the  RH  is  zero.  In  all  other  cases  initially  a 
small  decrease  in  heat  production  is  foimd  during  a  relatively  short  time  interval,  t\.  After  this  time  interval 
the  heat  production  starts  to  increase  almost  linearly  in  time.  t\  was  found  to  vary  with  temperature  as  is 
shown  in  Table  3  and  is  independent  of  the  RH  (for  RH  >  0).  No  correlation  could  be  found  between  the 
level  of  the  heat  production  until  t\  and  the  RH.  From  the  results  obtained  at  80°C  and  20  %  RH  (exp. 
PW80-20)  it  could  be  determined  that  only  a  fraction  of  8*  10"®  of  the  magnesium  has  reacted  during  this 
time  interval  which  means  that  only  a  negligible  amount  of  magnesium  was  converted  into  magnesium 
hydroxide,  probably  due  to  the  reaction  of  adsorbed  moisture  with  unprotected  magnesium, 
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After  tx  the  heat  production  was  observed  to  increase  linearly  in  time.  The  slopes  of  the  curves  after  /j 
measured  at  80  %  RH  (exps.  PW80-80,  PW80-60,  and  PW80-50)  are  also  given  in  Table  3.  Because  of  the 
short  time  during  which  the  measurements  at  other  humidities  were  performed  the  correlation  between  the 
linear  heat  increase  and  the  RH  could  not  be  performed  reliably. 


Table  3  Time  interval  U  and  slope  of  the  curve  after 
tx  at  80  %  RH  at  various  temperatures. 


_  im 

Mh] 

slope  [mW-kg’^h  M 

80 

11 

101.6 

60 

100 

1.2 

50 

a-io^' 

0.12 

In  this  preliminary  set  of  experiments  during  only  one  measurement  (exp.  PW80-20)  the  heat  production 
was  recorded  sufficiently  long  to  show  that  the  linear  increase  of  the  heat  production  after  r,  is  followed  by 
a  decrease  of  the  heat  production  which  is  also  nearly  linear  in  time.  Because  this  experiment  was  stopped 
after  600  hours  for  technical  reasons  it  is  not  known  how  the  heat  production  proceeded  at  the  end  of  the 
conversion.  The  result  of  this  measurement  is  shown  in  Figure  1 . 


Figure  1  Heat  production,  Q,  of  5  g  mtv  at  80®C  and  20  %  rh.  The 

measured  data  are  extrapolated  for  time  exceeding  600  hours. 
■'  :  Q: - :  conversion 


The  increase  in  heat  production  after  /]  is  caused  by  an  increase  of  the  reaction  rate.  This  increase  is  a 
result  of  the  peeling  effect  mentioned  in  section  3.1:  during  conversion  shells  of  magnesium  hydroxide  with 
magnesium  are  peeled  off  from  the  magnesium  particles,  thus  enlarging  the  free  reacting  magnesium 
surface  area.  When  the  total  available  magnesium  surface  area  reduces  (after  (2)  the  reaction  rate  decreases. 

One  measurement  (PL80-80)  was  performed  using  an  MTV  pellet  instead  of  MTV  powder  in  order  to 
determine  whether  pressing  has  any  influence  on  the  ageing  of  MTV.  No  significant  differences  with  respect 
to  the  results  of  exp.  PW80-80,  however,  were  found  as  shown  in  Figure  2;  both  the  time  interval  after 
which  the  heat  production  starts  to  increase,  ^i,  and  the  slope  of  the  curve  after  that  time  interval,  O],  are 
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Figure  2  Heat  production,  Q.  at  80°C  and  80  %  rh  during  ageing  of  mtv 
powder  and  an  mtv  pellet  (exps.  pw80-80  and  pl80-80). 
- :  powder; - :  pellet 


almost  similar.  This  means  that  moisture  can  penetrate  freely  into  the  pellet.  Pressing  may  cause  some 
protection  if  the  pellet  is  pressed  to  a  much  higher  density. 

Another  measurement  was  performed  with  magnesium  powder  instead  of  MTV  (exp.  MG80-80).  In  this  case 
a  similar  shape  of  the  heat  production  curve  was  found  as  for  MTV.  For  the  measurement  with  magnesium 
ti  equals  6  hours  and  the  slope  of  the  curve  after  /j  equals  289  mW*kg"'h“'.  In  order  to  compare  the  latter 
value  with  the  one  obtained  for  MTV  powder  it  has  to  be  multiplied  by  the  mass  fraction  of  magnesium  in 
MTV  which  is  0.65.  This  results  in  188  mW-kg“'h“'  which  is  nearly  twice  the  value  found  for  MTV  powder. 
Thus  the  binder  system  consisting  of  Teflon  and  Viton  provides  some  protection  during  the  ageing  process 
though  not  a  very  effective  one. 

On  the  basis  of  the  results  of  the  various  microcalorimetric  measurements  the  dependence  of  the  ageing  of 
MTV  on  temperature  and  RH  can  be  modelled.  This  will  be  described  in  the  next  section.  The  model  will  be 
refined  in  a  future  study. 


3.3  Modelling  of  the  ageing  of  mtv 

The  conversion  curve  of  the  ageing  of  MTV  can  be  derived  from  the  heat  production  curve  if  it  is  assumed 
that  finally  all  magnesium  converts  into  magnesium  hydroxide.  The  fact  that  the  mass  of  MTV  pellets  after 
complete  conversion  was  increased  by  a  factor  of  1.91,  which  corresponds  to  100  %  conversion,  confirms 
this  assumption.  The  heat  production  is  proportional  to  the  reaction  rate.  The  conversion  curve  at  80®C  and 
20  %  RH  is  plotted  in  Figure  1  together  with  the  heat  production  curve.  Figure  3  shows  a  schematic 
representation  of  a  model  which  describes  the  reaction  rate. 


tl  t2  fe 

time 

Figure  3  Schematic  reDresentation  of  the  modelled  reaction  rate. 

For  the  derivation  of  the  model  the  following  symbols  are  used; 

t\  [h]  =  moment  at  which  the  heat  production  starts  to  increase 

/2  [h]  =  moment  at  which  the  increase  of  the  heat  production  stops  and  a  decrease  starts 

4  [h]  =  moment  at  which  all  magnesium  in  the  MTV  is  converted 

Oi  [h“^]  =  slope  of  the  curve  of  the  reaction  rate  (in  [fraction-h”'])  between  /i  and  4 

02  [h  =  slope  of  the  curve  of  the  reaction  rate  between  4  and  4 

Dependence  of  ti  on  temperature  and  relative  humidity 

From  the  values  of  4  given  in  Table  3  it  follows  that  4  decreases  by  a  factor  of  approximately  VTo  at  an 
increase  of  the  temperature  by  10°C.  /i  is  independent  on  the  RH  as  described  in  section  3.2.  Using  these 
data  the  next  equation  can  be  calculated  for  4: 

/,  =8.0.10V(-°'’^’-^>  [h].  (1) 

Dependence  of  a,  on  temperature  and  relative  humidity 

From  the  values  of  the  slopes  of  the  heat  production  curves  given  in  Table  3  it  follows  that  the  slope 
increases  by  a  factor  of  approximately  9  at  an  increase  of  the  temperature  by  10°C.  From  these  data  the 
influence  of  the  temperature  on  the  slope  can  be  calculated: 

=^.,(o.n97.r)  ^^-2^  ^2) 

in  which  v4  is  a  factor  which  depends  on  the  RH.  The  duration  of  these  preliminary  measurements  was  not 
sufficient  to  determine  the  mfluence  of  the  RH  on  this  slope  accurately.  Theoretically  a  quadratic 
dependence  is  expected  because  for  the  reaction  2  moles  of  H2O  are  needed  per  mole  Mg.  If  this  correlation 
is  taken  the  constant  A  follows  from: 


[h-'] 


(3) 
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The  value  of /I  ’  can  be  calculated  if  the  slope  between  t,  and  of  the  heat  production  curve  which  was 
measured  at  80®C  and  20  %  RH  {a^  =  1.375-10“^  h'^)  is  fitted  to  these  equations:  A  ’  =  8.0*  10"'®  %"V^  The 
complete  equation  for  the  positive  slope,  ai,  of  the  curve  between  r,  and  h  becomes; 

a,  =8.0-10-'®e(“"'”^^  xRH^  [h"'].  W 


Derivation  of  (2  and  az 

It  is  assumed  that  the  heat  production  will  decrease  linearly  to  zero  until  all  the  magnesium  is  converted 
into  magnesium  hydroxide.  Exp.  PW80-20  was  stopped  too  early  to  confirm  this  assumption.  The  reaction 
rate  can  now  be  described  by  two  straight  lines  as  depicted  in  Figure  3.  The  conversion  at  /i,  ,  appears 

to  be  approximately  0.15.  02,  h,  and  U  can  now  be  determined  mathematically  since  the  totol  area  under  the 
reaction  rate  curve  represents  100  %  conversion  of  magnesium; 


a,  =  -a,  X 


A_ 


(5) 


05-a, 


[h]. 


[h]. 


(6) 

(7) 


The  main  uncertainty  in  this  model  is  the  value  of  which  probably  mainly  depends  on  material 
characteristics  like  the  size  and  shape  of  the  magnesium  particles. 

Measurements  of  the  conversion  from  the  mass  increase  of  pellets  which  were  aged  in  the  climatic  cabinet 
at  80°C  and  80  %  RH  confirm  the  proposed  model.  Figure  4  shows  the  conversion  of  the  pellets  determined 
from  their  weight  changes  together  with  the  calculated  conversion  as  a  function  of  time.  The  measured 
points  plot  at  best  on  the  calculated  conversion  curve  if  a  value  of  0. 17  is  chosen  for  ^  . 
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Figure  4  Ageing  of  mtv  pellets  at  80°C  and  80  %  rh. 

■  :  measured  data;  ;  calculated  conversion; 

- :  calculated  conversion  rate 
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3.4  Mechanical  characteristics  and  burning  behaviour 

The  mechanical  characteristics  of  MTV  pellets  which  were  aged  in  the  climatic  cabinet  at  80°C  and  80  % 
RH  have  been  determined  by  compression  tests.  The  maximum  stress  compression  (£„«.  =  (Lo  - 

*  100  %),  and  compression  modulus  (£  =  Ao/Ae)  were  determined.  Figure  5  shows  the  results  of 
the  pressing  experiments. 


conversion  [-]  conversion  [-] 


Figure  5  Change  of  mechanical  properties  of  mtv  pellets  due  to  ageing  at  SO^C  and  80  %  rh. 

(a) - :  maximum  stress; - :  (b) . ;  compression 

These  figures  show  that  the  maximum  stress  and  modulus  initially  increase.  At  a  conversion  above 
approximately  10  %  the  mechanical  properties  deteriorate.  The  initial  improvement  of  the  mechanical 
properties  can  be  attnbuted  to  the  formation  of  magnesium  hydroxide  which  contributes  to  a  higher 
maximum  stress  and  modulus  than  MTV.  Further  conversion  of  magnesium  into  magnesium  hydroxide, 
however,  causes  deterioration  of  the  internal  structure  of  the  MTV  pellet  which  results  in  a  decrease  of  the 
mechanical  properties.  Another  possibility  is  that  magnesium  itself  breaks  up  as  a  result  of  the  so  called 
peelmg  effect  of  oxidising  magnesium,  mentioned  above  (sections  3.1  and  3.2).  The  pellets  which  were 
aged  until  100  %  conversion  could  not  be  tested  due  to  disintegration  of  the  pellets. 

The  burning  behaviour  of  MTV  pellets  which  were  aged  at  80°C  and  80  %  RH  for  various  periods  was 
determined  by  performing  closed  vessel  experiments.  Maximum  pressure  and  the  time  till  maximum 
pressure  were  determined.  Figure  6  shows  the  results  of  these  experiments.  The  pellets  which  were  aged 
until  80  %  conversion  and  until  complete  conversion  could  not  be  tested  because  of  their  poor  mechanical 
properties. 

This  figure  shows  that  time  till  maximum  pressure  increases  with  increasing  conversion  which  means  that 
aged  MTV  appears  to  be  more  difficult  to  ignite  and  to  bum  slower  than  unaged  MTV.  The  maximum 
pressure  slightly  increases  as  a  result  of  ageing.  This  seems  to  be  illogical  because  an  increase  in  burning 
time  will  also  increase  the  heat  losses  in  the  closed  vessel,  which  will  cause  a  decrease  in  maximum 
pressure.  The  amount  of  MgF2,  which  is  the  main  cause  for  the  pressure  build  up,  does  not  change 
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Figure  6  Change  of  burning  characteristics  maximum  pressure,  P-max., 
and  time  till  maximum  pressure,  f-max.,  of  mtv  pellets  due  to 
ageing  at  80°C  and  80  %  rh. 

_ _  — ;  P-max.; - :  f-max. 


considerably  because  of  the  excess  of  magnesium;  the  MTV  contains  65  wt%  magnesium  while  the 
stoichiometric  proportions  are  32  wt%  Mg  and  68  wt%  TeflonA^iton.  An  explanation  for  the  observed 
slight  pressure  increase  is  that  heating  of  the  magnesium  hydroxide  which  is  formed  during  ageing  results 
in  the  formation  of  water  vapour  according  to  the  reaction 

Mg(OH)2  MgO  +  H2O  . 

At  42  %  conversion  during  ageing  42  wt%  of  magnesium  is  converted  into  magnesium  hydroxide  which 
results  in  0.046  moles  of  water  vapour  per  pellet,  which  causes  a  significant  pressure  increase. 


4.  CONCLUSIONS 

•  Ageing  of  MTV  is  caused  by  the  conversion  of  magnesium  into  magnesium  hydroxide  in  the  presence  of 
moisture.  The  binder  system,  consisting  of  Teflon  and  Viton,  provides  some  protection  against  ageing, 
though  not  a  very  effective  one.  The  binder  system  itself  deteriorates  not  measurably. 

•  On  the  basis  of  preliminary  microcalorimetric  measurements  a  model  has  been  set  up  which  describes 
the  influence  of  temperature  and  humidity  of  surrounding  air  on  the  ageing  rate  and  conversion  of  an 
MTV  composition.  The  model  is  confirmed  by  measurements  of  the  conversion  of  MTV  pellets, 
determined  from  their  mass  increase  due  to  ageing. 

•  As  a  result  of  ageing  the  MTV  pellets  increase  considerably  in  mass  and  volume  while  their  mechanical 
properties  deteriorate  during  ageing.  The  burning  characteristics  of  aged  MTV  pellets,  the  maximum 
pressure  and  in  particular  the  burning  time,  are  changed  with  respect  to  unaged  pellets.  These  changes 
greatly  affect  the  performance  of  magnesium  containing  compositions. 


31  -  10 


REFERENCES 


1  J.  Leenders,  J.J.  Meulenbrugge.  Igniter  development  for  lova  gun  propellants."  Europyro  93,  5®  Congres 
International  de  Pyrotechnie  du  Groups  de  Travail.  Strasbourg,  6-11  June  1 993,  p.  61 1 . 

2  R.G.  Shortridge,  A.  Chin,  B.R.  Hubble.  “Microcalorlmetric  study  of  the  aging  reactions  of  atomized 
magnesium  powder.”  nswccr/rdtr-92/0003,  Naval  Surface  Warfare  Center  Crane  Division  Ordnance 
Engineering  Directorate  Crane,  in  47522-5050,  20  February  1992. 

3  J.  Spasojevic,  Batinic-Haberle,  D.  Barisin.  “Functional  and  chemical  characterization  of  the  aging  process  of 
an  igniter."  20’*’  International  Conference  of  ICT,  Karlsruhe,  1989,  p.  61-1  -  61-13. 

4  L.G.  Svensson,  private  communication. 


32-1 


ESTIMATION  OF  DETONATION  PARAMETERS  OF  A  NEW  CLASS  OF 
EMULSION  EXPLOSIVES 

Victor  Odintsov,  Vitaly  Pepekin 

Institute  of  Chemical  Physics,  Russian  Academy  of  Sciences, 

4  Kosygin  Street,  Moscow,  117977,  Russia. 

ABSTRACT 

The  work  is  devoted  to  a  quantitative  estimation  of  detonation  parameters 
of  mixtures  of  emulsion  explosive  with  powder  on  the  base  of  thermodyna¬ 
mic  computations  of  the  ideal  and  non-ideal  detonations.  The  two  models 
of  the  BKW  equation  of  state  are  used  in  computations  for  gaseous  deto¬ 
nation  products  —  BKW-RDX  and  BKW-RR.  The  three  thermodynamic  mo¬ 
dels  of  detonation  are  considered:  1)  the  ideal  detonation  —  total  chemical 
equilibrium  of  the  detonation  products  at  the  Chapman-Jouguet  point;  2) 
the  slightly  non-ideal  detonation  —  the  detonation  products  consist  of  the 
two  chemical  subsystems  (the  products  of  decomposition  of  emulsion  matrix 
and  those  of  powder)  which  are  equilibrium  inside  themselves  but  do  not 
chemically  reacting  one  with  another;  3)  the  strongly  non-ideal  detonation 
—  the  products  consist  of  the  three  chemical  subsystems  (the  products  of 
decomposition  of  the  aqueous  solution  of  ammonium  nitrate,  those  of  the 
mixture  of  hydrocarbons,  and  those  of  powder)  which  are  equilibrium  inside 
themselves  but  do  not  chemically  reacting  one  with  another.  It  is  shown 
that  the  estimations  of  detonation  parameters  on  the  base  of  thermodyna¬ 
mic  computations  and  common  reasonings  on  the  sensitivity  mechanism  of 
emulsion  explosives  allow  to  consider  it  possible  to  increase  the  power 
characteristics  of  such  explosives  by  10 — 20%  and  higher  by  means  of  repla¬ 
cing  sensitizing  hollow  glass  microballoons  or  gas-producing  additions  with 
dispersed  high  explosives  and,  in  particular,  powders  the  problem  of  utili¬ 
zation  of  which  in  connection  with  military  conversion  is  still  rather  far 
from  the  resolution. 

In  rn  it  is  proposed  that  the  power  characteristics  of  the  known  and 
applied  in  practice  emulsion  explosives  could  be  significantly  improved  by 
introducing  gun-powders  in  them.  The  present  work  is  devoted  to  estima¬ 
tion  of  detonation  parameters  of  mixtures  of  emulsion  explosive  with  pow¬ 
der. 

Emulsion  explosives  have  good  water-resistance  and  explosion  safety,  i.e. 
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Table  1. 


Compound 

Chemical 

formula 

Mass  part, 

% 

Enthalpy, 

kJ/kg 

Ammonium  nitrate 

H4N2O3 

77 

-4563 

Water 

H^O 

16 

-15860 

Saturated  liquid 
hydrocarbon 

(CH2)„ 

6 

-2088 

Oleic  acid 

^18'^34^2 

1 

-2841 

Powder 

^24^33.13^13.19^46.68 

over  100% 

-2272 

low  sensitivity  to  detonation  initiation.  However,  the  advantage  at  the  time 
of  production  and  transportation  —  low  sensitivity  —  transforms  in  the  di¬ 
sadvantage  at  the  time  of  direct  application  since  the  common  sensitization 
by  means  of  introduction  into  emulsion  matrix  of  hollow  microballoons  or 
chemicals  producing  gaseous  bubbles  leads  to  the  decrease  in  charge  density 
and.  accordingly,  to  the  fall  in  efficiency  of  action  of  detonation  products 
of  emulsion  explosives. 

To  overcome  the  mentioned  shortcoming  when  applying  emulsion  explosives 
it  seems  to  be  perspective  to  add  dispersed  gun-powder  to  emulsion  matrix 
instead  of  microballoons  or  gas-producing  chemicals.  In  this  case  one  can 
expect  the  smaller  decrease  and  possibly  even  the  increase  in  detonation 
parameters  along  with  the  increase  of  addition  quantity  in  contrast  to  the 
sharp  fall  in  detonation  parameters  when  adding  hollow  glass  microballoons 
to  the  emulsion  matrix  [23. 

The  composition  of  the  emulsion  matrix  is  given  in  Table  1  and  is  identi¬ 
cal  to  that  considered  in  [2].  The  gross  composition  of  powder,  the  deto¬ 
nation  parameters  of  which  were  studied  in  [3]  (powder  «3)  and  which 
was  considered  as  an  addition  to  industrial  explosives  in  Cl],  is  given  in 
Table  1  as  well  as  enthalpies  of  compounds. 

The  density  of  the  emulsion  matrix  was  defined  to  be  1353  kg/m^  [43. 
For  the  sake  of  generality  the  two  values  of  powder  density  are  consi¬ 
dered  1600  and  1353  kg/m^.  The  latter  value  is  chosen  to  reveal  the 

effect  of  powder  addition  in  contrast  to  that  of  the  charge  density.  Thus, 
the  two  different  cases  of  determination  of  the  charge  density  are  consi- 
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Table  2. 


Explosive 

Density, 

kg/m^ 

Model 
of  EOS 

Detonation 
velocity,  m/s 

Pressure, 

GPa 

Temperature, 

K 

Powder 

1353 

BKW-RR 

6706 

15.68 

3375 

1353 

BKW-RDX 

6568 

15.44 

2834 

Emulsion 

1353 

BKW-RR 

6613 

13.95 

1781 

matrix 

1353 

BKW-RDX 

7134 

16.04 

976 

dered:  1  —  the  charge  density  is  rising  from  1353  kg/m^  while  adding 
powder  with  density  of  1600  kg/m^;  2  —  the  charge  density  is  constant 
and  equals  to  1535  kg/m^  irrespective  of  powder  quantity  in  a  mixture. 

The  thermodynamic  computations  of  detonation  of  emulsion  explosives  were 
conducted  with  the  use  of  the  Automated  System  of  Thermodynamic  Re¬ 
ckonings  and  Algorithms  ASTRAL  based  on  the  methods  described  in  [53. 
The  Becker-Kistiakowsky -Wilson  (BRW)  equation  of  state  were  used  to 
describe  behavior  of  the  gaseous  phase  of  detonation  products;  both  di¬ 
spersed  diamond  and  dispersed  graphite  crystals  of  condensed  carbon  were 
allowed  to  be  formed  in  detonation  products  [6],  the  behavior  of  graphite 
being  described  by  the  Cowan's  equation  of  state  and  the  diamond  phase 
being  considered  as  incompressible.  The  two  sets  of  coefficients  of  the 
BKW  equation  were  used:  BKW-RDX  and  BKW-RR.  The  problem  of  selec¬ 
tion  of  these  models  for  detonation  computations  of  emulsion  explosives 
was  discussed  in  [23. 

The  computed  equilibrium  dependences  of  detonation  velocity  on  powder 
quantity  in  mixture  with  the  emulsion  matrix  are  depicted  in  Fig.  1.  The 
results  of  computations  with  the  BKW-RDX  and  BKW-RR  models  differ 
not  only  by  absolute  values,  but  by  the  characters  of  dependences.  Indeed, 
at  the  constant  initial  density  of  charge  (1353  kg/m^)  the  detonation  velo¬ 
city  computed  with  the  BKW-RDX  equation  decreases  along  with  the 
increase  in  powder  amount  in  mixture,  whereas  the  BKW-RR  equation 
gives  the  small  increase  in  detonation  velocity.  This  is  a  consequence  of 
the  fact  that  the  computed  values  of  detonation  velocity  of  powder  differ 
insignificantly  for  the  BKW-RDX  and  BKW-RR  models  whereas  the  deto¬ 
nation  velocity  of  the  emulsion  matrix  computed  with  the  BKW-RDX  equa¬ 
tion  significantly  surpasses  the  one  computed  with  the  BKW-RR  equation 
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(see  Table  2).  What  is  more,  the  detonation  velocity  of  the  emulsion  ma¬ 
trix  computed  with  the  BKW-RDX  model  noticeably  exceeds  the  one  of 
powder  at  the  equal  initial  density  of  charge. 

A  somewhat  different  picture  is  observed  in  behavior  of  detonation  pres¬ 
sure  dependences  on  powder  quantity  in  mixture  presented  in  Fig.  2.  At 
the  constant  initial  density  of  mixture  (1353  kg/m^)  the  detonation  pres¬ 
sure  remains  almost  constant  for  the  BKW-RDX  model  (being  changed 
from  16.04  GPa  for  the  emulsion  down  to  15.44  GPa  for  powder)  and 
increases  for  the  BKW-RR  model  from  13.95  GPa  (emulsion)  up  to  15.68 
GPa  (powder). 

While  increasing  initial  density  of  mixture  due  to  higher  density  of  powder 
(the  first  case  of  mixture  density  definition)  the  velocity  and  pressure  of 
detonation  rise  together  with  increasing  powder  amount. 

The  temperature  of  detonation  products  of  the  considered  explosives  be¬ 
haves  itself  in  a  similar  way  both  for  the  different  models  and  for  the 
different  cases  of  initial  density  definition.  This  is  connected  to  the  fact 
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Fig.  2.  Dejjendences  of  pressure  of  ideal  detonation  on  mass  percen¬ 
tage  of  powder  in  mixture  with  emulsion  matrix.  Lines:  1  —  the  BKW- 
RDX  model,  powder  density  is  1600  kg/m^;  2  —  BKW-RDX,  1353;  3  — 
BKW-RR,  1600;  4  -  BKW-RR,  1353. 

that  the  temperature  of  detonation  products  of  powder  significantly  surpas¬ 
ses  the  one  of  the  emulsion  matrix.  As  it  should  be  expected  for  the 
BKW  equation  of  state  the  detonation  temperature  of  the  more  dense  mix¬ 
ture  is  lower  than  that  of  the  less  dense  mixture.  One  should  pay  atten¬ 
tion  to  the  very  low  temperature  of  detonation  of  the  emulsion  computed 
with  the  BKW-RDX  model  (sec  Table  2). 

The  advantage  of  the  use  of  powder  instead  of  hollow  microballoons  in 
mixture  with  the  emulsion  matrix  can  be  clearly  illustrated  by  the  ratio  of 
detonation  velocities  of  these  mixtures  at  the  equal  mass  content  of  addi¬ 
tions.  In  Fig.  3  there  are  presented  dependences  of  ratio  of  detonation  ve¬ 
locities  of  emulsion  mixtures  with  powder  to  those  with  microballoons  for 
the  considered  equation  of  state  models  and  the  two  ways  of  charge  densi¬ 
ty  definition  of  mixtures  with  powder.  The  values  computed  with  the  use 
of  the  BKW-RDX  and  BKW-RR  models  from  [2]  were  used  as  the  values 
of  detonation  velocity  of  the  emulsion  matrix  with  microballoons  mixtures. 
They  were  obtained  in  assumption  of  partial  reaction  of  detonation  pro¬ 
ducts  by  means  of  correlating  slopes  of  the  computed  and  experimental  de¬ 
pendences  of  detonation  velocity  versus  initial  density.  It  follows  from  Fig.  3 
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Fig.  3.  Dependence  of  ratio  of  idea!  detonation  velocity  of  mixture 
with  powder  to  detonation  velocity  of  mixture  with  microballoons  [2J  on 
mass  percentage  of  addition  Uncs:  1  -  the  BKW-RDX  model,  powder 

2  -  BKW-RDX,  1353;  3  -  BKW-RR,  1600;  4  - 

dKW-RR,  1353. 


that  an  increase  in  amount  of  addition  to  the  emulsion  leads  to  a  sharp 
rise  in  detonation  velocity  ratio  value.  Thus,  the  computed  detonation  velo¬ 
city  of  emulsion  explosive  with  powder  is  almost  twice  as  much  as  the 
one  of  mixture  with  microballoons  at  mass  content  of  addition  about  10%. 


However  these  results  are  obtained  in  the  case  when  the  detonation  of 
mixtures  with  powder  was  considered  as  the  totally  ideal  one,  but  the  de¬ 
tonation  ol  mixtures  with  microballoons  —  as  the  thermodynamically  non¬ 
ideal  one  with  incomplete  reacting  of  detonation  products  by  the  Chap- 
man-Jouguet  point.  Therefore,  to  reveal  the  effect  of  the  possible  thermo¬ 
dynamic  non-ideality  of  detonation  of  mixtures  of  the  explosive  emulsion 
with  powder  let  us  consider  two  more  cases  one  of  which  is  most  unfavo¬ 
rable  and  can  serve  as  the  bottom  border  of  estimation  of  detonation  para¬ 
meters  of  these  mixtures. 


The  first  case  of  the  thermodynamic  non-ideality  of  detonation  can  be 
modelled  by  the  supposition  that  the  detonation  products  of  the  emulsion 
matrix  and  powder  do  not  chemically  interact  one  with  another.  Then  the 
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detonation  products  consist  of  the  two  subsystems  which  are  totally  equili¬ 
brium  inside  themselves  but  do  not  enter  in  chemical  interaction  one  with 
another  and  at  the  same  time  all  other  parameters  of  state  in  both  subsy¬ 
stems  have  the  equal  values.  Later  on  we  will  call  this  case  for  short  as 
the  thermodynamically  slightly  non-ideal  detonation. 

The  second,  most  unfavorable  for  detonation,  case  of  thermodynamic  non- 
ideality  consists  in  the  supposition  that  each  of  the  basic  compounds  of 
mixture  reacts  by  itself.  In  this  case  the  whole  system  is  considered  to 
consist  of  the  three  chemical  subsystems  (1  —  aqueous  solution  of  ammo¬ 
nium  nitrate,  2  —  mixture  of  hydrocarbons,  and  3  —  powder)  the  products 
of  each  of  which  are  chemically  equilibrium.  Chemical  interactions  bet¬ 
ween  subsystems  are  absent.  In  other  respects  the  system  is  equilibrium, 
i.e.  the  parameters  of  state  throughout  the  whole  system  at  the  Chap- 
man-Jouguet  point  are  uniform. 

The  results  of  compulations  show  that  the  absence  of  chemical  interaction 
between  products  of  decomposition  of  the  emulsion  matrix  and  powder  does 
not  practically  affect  the  detonation  parameters  of  mixture.  It  is  expressed 
in  indistinctness  of  the  lines  depicting  the  dependences  of  detonation  para¬ 
meters  of  mixtures  of  the  emulsion  matrix  with  powder  for  the  totally 
ideal  and  thermodynamically  slightly  non-ideal  (2  subsystems)  detonations. 
The  dependences  of  the  ratio  of  detonation  velocities  of  the  emulsion- 
powder  mixtures  to  detonation  velocities  of  the  emulsion— microballoons 
mixtures  on  the  mass  part  of  addition  amount  in  the  considered  case  of 
slight  non-ideality  of  detonation  practically  coincide  with  the  corresponding 
dependences  for  the  totally  ideal  detonation. 

The  different  picture  is  observed  in  the  case  of  thermodynamic  non-ideality 
with  formation  of  the  three  subsystems  in  detonation  products.  This  case 
corresponds  to  the  considered  in  [23  thermodynamic  non-ideality  of  detona¬ 
tion  with  the  zero  extent  of  reacting  of  products.  For  short  we  will  call  in 
this  work  the  case  under  consideration  (3  subsystems)  as  the  thermodynam¬ 
ically  non-ideal  detonation  with  the  zero  extent  of  reacting.  Since  the  decom¬ 
position  products  of  the  oxidizing  subsystem  (aqueous  solution  of  ammonium 
nitrate)  do  not  react  with  the  decomposition  products  of  the  combustible 
subsystem  (hydrocarbon  mixture)  then  far  from  the  whole  of  the  chemical 
part  transforms  into  the  thermal  and  elastic  parts  of  the  internal  energy 
by  the  Chapman-Jouguet  point.  As  a  result  the  detonation  parameters  occur 
to  be  significantly  lower  than  in  the  cases  considered  above. 
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Fig.  4.  Dependence  of  substantially  non-ideal  detonation  velocity  ver¬ 
sus  mass  percentage  of  powder  in  mixture  with  emulsion  matrix.  Lines:  1 
—  the  BKw-RDX  model,  powder  densiU'  is  1600  kg/m^;  2  —  BKW-RDX 
1353;  3  -  BKW-RR,  1600;  4  -  BKW-RR,  1353. 

In  Fig.  4  there  are  presented  the  computed  dependences  of  the  thermody¬ 
namically  non-ideal  detonation  velocity  of  the  emulsion— powder  mixture  on 
the  addition  amount  for  the  two  models  of  equation  of  state  and  for  the 
two  ways  of  initial  density  definition  in  the  case  of  zero  extent  of  reac¬ 
ting.  The  character  of  the  dependences  differs  from  that  for  the  cases  of 
the  ideal  and  slightly  non-ideal  detonations.  The  detonation  velocity  values 
for  the  neat  emulsion  at  the  zero  extent  of  reacting  are  significantly  less 
than  those  at  the  ideal  and  slightly  non-ideal  detonations  for  the  both  mo¬ 
dels.  The  increase  in  the  powder  amount  in  mixture  leads  to  the  increase 
in  detonation  velocity  approaching  that  of  the  ideal  and  slightly  non-ideal 
detonations. 

The  possibility  to  obtain  the  higher  values  of  detonation  parameters  by 
adding  to  the  emulsion  matrix  the  powder  instead  of  hollow  microballoons 
even  in  the  case  of  detonation  with  zero  extent  of  reacting  is  illustrated 
by  the  dependences  of  ratio  of  detonation  velocities  of  emulsion  mixtures 
with  powder  at  zero  extent  of  reacting  of  products  to  detonation  velocities 
of  emulsion  mixtures  with  microballoons  versus  addition  amount  in  mixture 
with  the  emulsion  matrix  which  are  given  in  Fig.  5. 
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Fi^.  5.  Dependence  of  ratio  of  substantially  non-ideal  detonation  ve¬ 
locity  ol  emulsion  mixture  with  powder  to  detonation  velocity  of  emulsion 
mixture  with  microballoons  121  versus  mass  percentage  of  addition.  Lines: 
1  —  the  BKW-RDX  model,  powder  density  is  1600  kg/m^;  2  —  BKW-RDX, 
1353;  3  -  BKW-RR,  1600;  4  -  BKW-RR,  1353. 

The  detonation  velocity  of  neat  emulsion  in  the  case  of  zero  extent  of 
reacting  makes  up  about  80%  of  the  velocity  of  ideal  detonation  which  is 
supposed  to  be  the  detonation  of  emulsion  matrix  from  comparison  in  [21 
with  the  experimental  data.  However,  while  increasing  addition  amount  in 
mixture  at  least  to  1.5— 2.5%  by  mass  the  velocity  of  substantially  non-ideal 
detonation  in  mixture  with  powder  becomes  equal  to  the  velocity  of  par¬ 
tially  non-ideal  detonation  in  mixture  with  microballoons.  Further  increase 
in  addition  amount  leads  to  the  quick  rise  in  velocity  ratio.  Thus,  already 
at  9%  of  addition  by  mass  the  detonation  velocity  of  mixture  with  powder 
at  zero  extent  of  reacting  of  products  exceeds  the  velocity  of  partially 
non-ideal  detonation  of  mixture  with  microballoons  by  50—60%, 

It  follows  from  the  experimental  data  141  that  the  critical  diameter  of  de¬ 
tonation  of  mixture  with  microballoons  characterizing  sensitivity  of  a 
charge  reaches  25  mm  and  practically  ceases  to  decrease  at  densities  less 
than  1200  kg/m^  that  corresponds  to  about  1.6%  of  microballoons  in  mix¬ 
ture  by  mass.  At  about  the  same  value  the  experimental  dependences  of 
detonation  velocity  on  initial  density  reach  the  maximum  [4].  It  seems 
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possible  to  consider  the  values  of  partially  non-ideal  detonation  of  emulsion 
mixture  with  microballoons  computed  by  the  BKW-RDX  and  BKW-RR  mo¬ 
dels  at  the  mentioned  charge  density  as  the  optimal  ones  for  practical 
application  by  correlation  of  detonation  velocity  and  critical  diameter.  The¬ 
refore  the  indicated  detonation  velocity  values  computed  with  the  use  of 
the  two  models  of  equation  of  slate  can  be  assumed  to  be  bench-marks 
for  estimating  an  effectiveness  of  adding  powder  instead  of  microballoons 
by  referring  to  these  values  the  detonation  velocity  values  of  emulsion 
mixtures  with  powder  computed  with  the  use  of  the  corresponding  models 
for  the  two  ways  of  charge  density  definition. 

In  Figs.  6  and  7  there  are  presented  the  quantities  of  ratios  of  detonation 
velocities  of  emulsion  mixtures  with  powder  with  respect  to  the  bench¬ 
mark  values  of  detonation  velocities  of  emulsion  mixture  with  microballoons 
in  dependence  on  powder  amount  in  mixture  for  the  two  different  ways  of 
mixture  density  definition. 

It  is  seen  from  Fig.  6  that  in  the  case  of  constant  mixture  density  while 
adding  powder  one  can  expect  increase  in  detonation  velocity  by  10—15%  in 
comparison  with  the  bench-mark  values.  The  expected  value  of  detonation 
velocity  of  emulsion  mixture  with  powder  should  be  placed  in  a  region  li¬ 
mited  at  top  by  the  ideal  detonation  velocity  dependence  and  at  bottom  by 
dependence  of  detonation  velocity  with  zero  extent  of  reacting.  One  can 
notice  the  different  character  of  dependences  of  the  ideal  detonation  velo¬ 
city  computed  with  the  different  models  of  equation  of  state.  With  the 
increase  in  powder  amount  in  mixture  the  relative  velocity  of  ideal  deto¬ 
nation  insignificantly  increases  in  the  case  of  the  BKW-RR  model  and  de¬ 
creases  in  the  case  of  the  BKW-RDX  model.  Relative  velocity  of  detona¬ 
tion  with  zero  extent  of  reacting  increases  for  the  both  models  but  in  dif¬ 
ferent  degrees.  In  any  case  the  velocity  of  detonation  with  zero  extent  of 
reacting  exceeds  the  bench-mark  detonation  velocity  of  emulsion  mixture 
with  microballoons  at  mass  content  of  powder  in  mixture  with  the  emul¬ 
sion  matrix  higher  than  12%. 

In  the  case  of  increasing  density  of  mixture  along  with  increasing  in  mass 
content  of  powder  of  density  1600  kg/m^  in  it  (see  Fig.  7)  the  raise  of 
ideal  detonation  velocity  while  adding  powder  in  comparison  with  the 
bench-mark  values  for  mixture  with  microballoons  reaches  15—20%.  The 
characters  of  dependences  of  relative  velocities  of  the  ideal  and  substan¬ 
tially  non-ideal  detonations  for  the  both  models  of  equation  of  state  are 


Fig.  6.  Dependence  of  Ih^e  relative  detonation  velocity  on  mass  per¬ 
centage  of  powder  (1353  kg/m^)  in  mixture.  Lines:  1  —  tne  ideal  detona¬ 
tion,  the  BKW-RDX  model;  2  —  ideal,  BKW-RR;  3  —  substantially  non¬ 
ideal,  BKW-RDX;  4  -  substantially  non-ideal,  BKW-RR. 


Fig.  7.  Dependence  of  the  relative  detonation  velocity  on  mass  per 
centage  of  powder  (1600  kg/m^)  in  mixture.  Lines:  1  —  the  ideal  detona 
tion,  the  BKW-RDX  model;  2  -  ideal.  BKW-RR;  3  -  substantially  non- 
ideal,  BKW-RDX;  4  —  substantially  non-ideal,  BKW-RR. 
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similar  -  the  detonation  velocity  increases'  while  increasing  in  mass  part 
of'  powder  in  mixture  for  the  all  considered  cases.  The  difference  consists 
only  in  values  of  the  dependence  slopes.  Detonation  velocities  even  in  the 
case  with  zero  extent  of  reacting  of  products  exceed  the  bench-mark  va¬ 
lues  at  mass  content  of  powder  in  mixture  higher  than  10%. 

In  12.41  it  is  supposed  that  detonation  of  the  emulsion  matrix  proceeds 
ideally  from  the  thermodynamic  point  of  view,  i.e.  the  detonation  products 
completely  gets  mixed  up  and  reacts  by  the  Chapman-Jouguet  point.  The 
increase  in  quantity  ol  hollow  microballoons  raises  sensitivity  of  mixture 
but  leads  to  the  increase  in  thermodynamic  non-ideality  of  detonation 
which  is  modelled  in  12J  by  the  decreasing  in  extent  of  chemical  reacting 
of  decomposition  products  of  aqueous  solution  of  ammonium  nitrate  and  hy¬ 
drocarbon  mixture. 

Under  the  influence  of  leading  shock  wave  the  hollow  glass  microballoons 
arc  closed  down  creating  the  "hot  spots"  in  the  nearest  vicinity  of  which 
the  chemical  reactions  in  the  emulsion  matrix  arc  initiated  and  accelerated 
at  the  beginning  stages.  However,  the  creation  of  significant  local  raises 
in  temperature  hot  spots  is  accompanied  by  the  decrease  in  total 
energy  quantity  per  unit  of  mass  or  volume  of  mixture  because  of  supplan¬ 
ting  an  energetic  substance  from  a  part  of  volume  and  partial  replacing  it 
with  inert  glass.  This  leads  to  a  reduction  in  completeness  of  chemical 
reactions  at  the  later  stages  of  process  of  reacting  after  hot  spots  dissipa¬ 
ting.  As  a  result  the  rise  of  temperature  of  products  in  the  chemical  reac¬ 
tion  zone  while  approaching  the  Chapman-Jouguet  point  is  significantly  re¬ 
duced  because  of  the  less  average  concentration  of  energy  in  the  system. 
This  in  turn  leads  to  the  reduction  in  rates  of  chemical  interactions  and 
energy  release.  One  obtains  the  exclusive  circle  or,  in  other  words,  a  sy¬ 
stem  with  positive  feedback. 

Thus,  the  sensitizing  an  emulsion  explosive  by  the  means  of  adding  the 
hollow  microballoons  results  in  a  reduction  of  extent  of  reacting  of  deto¬ 
nation  products. 

As  it  is  noticed  in  [3J  reaching  the  detonation  conditions  in  powders  re¬ 
quires  a  powerful  initiation  and  quite  big  diameter  of  a  charge.  However, 
the  systematic  data  on  sensitivity  of  powders  to  shock  wave  initiation  and 
their  critical  diameters  have  not  been  found  in  literature.  Therefore  we 
can  only  discuss  here  some  common  reasonings  for  verifying  which  it  is 
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necessary  lo  conduct  systematic  experimental  researches. 

Concerning  the  possibility  of  occurrence  of  the  detonation  mode  of  chemi¬ 
cal  decomposition  propagation  in  powder  under  influence  of  a  shock  wave 
coming  from  emulsion  matrix  one  can  say  only  that  the  velocity  and  pres¬ 
sure  of  the  neat  emulsion  detonation  are  comparable  with  those  of  the 
powder  detonation  (see  Table  2).  Hence  one  can  expect  that  the  power  of 
shock  wave  is  quite  enough  for  initiation  of  detonation  in  a  powder  par¬ 
ticle. 

The  critical  diameter  of  detonation,  even  if  it  exceeds  size  of  a  powder 
particle,  cannot  be  directly  applied  to  the  considered  case  since  the  par¬ 
ticle  is  surrounded  by  quite  dense  and  healed  substance  being  the  detona¬ 
tion  products  of  emulsion. 

The  proposed  mechanism  of  sensitizing  an  emulsion  explosive  by  means  of 
adding  the  powder  particles  is  based  on  the  same  principle  as  in  the  cases 
of  hollow  microballoons  and  gaseous  bubbles.  The  temperature  of  powder 
detonation  products  is  substantially  higher  (by  1 500— 2000  K  for  the  diffe¬ 
rent  models  of  equation  of  slate)  than  that  of  neat  emulsion  so  that  the 
powder  particles  play  a  part  of  ’’hot  spots”.  For  all  this  the  detonation 
products  of  powder  particles  play  a  part  of  the  hot  spots  not  only  for  the 
nearest  vicinity  as  in  the  case  with  microballoons  but  for  significantly  fa¬ 
ther  neighbourhoods  since  the  molecules  of  powder  store  energy  not  less 
than  the  molecules  of  explosion  emulsion  itself. 

Therefore,  by  a  very  careful  estimation  one  can  expect  that  the  extent  of 
reacting  of  detonation  products  of  the  mixture  of  emulsion  matrix  with 
powder  particles  would  be  not  less  than  by  detonation  of  the  emulsion 
mixture  with  microballoons.  As  the  more  reasonable  estimations  one  can 
consider  assumptions  on  the  thermodynamic  ideality  of  detonation  of  mix¬ 
ture  with  powder  or  the  non-ideality  of  detonation  caused  by  total  or  par¬ 
tial  non-mixing  of  detonation  products  of  emulsion  and  powder  in  conse¬ 
quence  of  the  sizes  of  macro-particles  of  the  latter.  The  latter  case  is 
modelled  by  the  considered  above  variant  of  slightly  non-ideal  detonation 
with  formation  of  the  two  chemical  subsystems  in  detonation  products  the 
results  of  computations  for  which  are  practically  identical  with  those  for 
the  ideal  detonation. 

Thus,  the  estimations  of  detonation  parameters  on  the  base  of  thermodyna- 
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mic  computations  and  common  reasonings  on  the  sensitivity  mechanism  of 
emulsion  explosives  allow  to  consider  it  possible  to  increase  the  power 
characteristics  of  such  explosives  by  10—20%  and  higher  (in  dependence  on 
the  bench-mark  values)  by  means  of  replacing  sensitizing  hollow  glass  mi¬ 
croballoons  or  gas-producing  additions  with  the  dispersed  powders  the  pro¬ 
blem  of  utilization  of  which  in  connection  with  military  conversion  is  still 
rather  far  from  the  resolution. 
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Kurzfassung 

Ziel  der  Untersuchungen  war  es  eine  Gefahrgutklassifizierung  und  eine  Lagergruppen- 
zuordnung  fiir  GroBfeuerwerksgegenstande  durchzuflihren.  Auf  der  Basis  einer 
Systematisierung  und  einer  kodierten  Beschreibung  der  in  Deutschland  vorhandenen 
GroBfeuerwerksgegenstande  wurden  experimentelle  Priiflingen  nach  den  UN-Richtlinien  fur 
den  Transport  gefahrlicher  Giiter  vorgenommen  und  allgemeine  Kriterien  fur  die  Einordnung 
der  Gegenstande  in  Gefahrklassen  abgeleitet.  Es  zeigt  sich,  daB  in  Abhangigkeit  von  der 
Verpackung  eine  difFerenzierte  Zuordnung  von  GroBfeuerwerksgegenstanden  zu  den 
Gefahrklassen  1.1  bis  1.4  moglich  ist.  Eine  entspechende  Verfahrensanleitung  wird  angegeben. 


Abstract 

The  object  of  the  tests  was  the  Hazard  Classification  and  the  Storrage  Group  Classification  for 
articles  of  display  firework.  It  was  introduced  a  system  for  the  display  firework.  A  code  helps 
to  conduct  the  tests  in  accordance  to  the  UN  -  Recommendations  on  the  Transport  of 
Dangerous  Goods.  Universally  applicable  criteria  were  derived  for  the  Classification  of  display 
firework.  It  was  shown,  that  a  different  classification  of  class  1.1  to  class  1.4  is  possible  in  the 
dependence  on  the  packaging.  A  Classification  method  was  explained. 
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1.  Einleitung 

Pyrotechnische  Gegenstande  werden  nach  ihrer  Gefahrlichkeit  und  ihrem  Verwendungszweck 
eingeteilt.  In  Deutschland  unterscheidet  man; 


Klasse  Bezeichnung 


Zulassungszeichen 


Klasse  I 
Klasse  II 
Klasse  III 
Klasse  IV 
Ti 

T2 


Kleinstfeuerwerk 

Kleinfeuerwerk 

Mittelfeuerwerk 

GroBfeuerwerk 

pyrotechnische  Gegenstande  fiir  technische  Zwecke 
pyrotechnische  Gegenstande  fiir  technische  Zwecke 


BAM-PI- ... 
BAM-PII- ... 
BAM-PIII-... 
nicht  zulassungspflichtig 
BAM-PTj-... 
BAM-PT2-... 


Die  Anforderungen  an  diese  Gegenstande  sind  in  der  Anlage  1  zur  1 .  SprengV  in  der  Fassung 
derBekanntmachungvom  31.01.1991  (BGBl.  I,  S.169),  letzte  Anderung  der  ersten 
Verordnung  zum  Sprengstoffgesetz  vom  26.  Oktober  1993  (BGBI.  I,  S.  1782)  74/  festgelegt. 
Das  Sprengstoffgesetz  regelt  den  Umgang,  den  Verkehr,  die  Beforderung  und  die  Einflihr  der 
o.g.  Gegenstande. 

Zur  Pyrotechnik  gehort  in  Deutschland  noch  die  pyrotechnischer  Munition.  Der  Umgang  mit 
der  pyrotechnischer  Munition  allerdings  wird  im  Waffengesetz  vom  19.  September  1972 
(BGBl.  I,  S.  1797)  geregelt.  Die  Anforderungen  an  die  pyrotechnische  Munition,  gegliedert  in 
die  Klassen  PMI  und  PMII,  sind  in  der  Anlage  I,  Nr.  5  der  3.  Verordnung  zum  Waffengesetz  in 
der  Fassung  vom  2.  Oktober  1991  (BGBl.  I,  S.1872)  72/  beschrieben.  Baugruppen  oder  ganze 
Gegenstande  werden  auch  fiir  GroBfeuerwerk  verwendet. 

GroBfeuerwerk  ist  nach  §  3  1.  SprengV  737  im  Gegensatz  zu  den  anderen  Klassen  nicht 
zulassungspflichtig.  Allerdings  besteht  trotzdem  die  Notwendigkeit  diese  Gegenstande  der 
Klasse  IV  nach  dem  Transportrecht  747  und  §4  der  2.  SprengV  757  entsprechenden 
Gefahrklassen  bzw.  Lagergruppen  zuzuordnen. 

Die  Zuordnung  nach  dem  Transportrecht  wird  innerhalb  eines  international  harmonisierten 
Priifverfahrens  vorgenommen.  Ahnlich  aufgebaut  ist  auch  das  Prtifverfahren  zur  Zuordnung 
einer  Lagergruppe.  In  der  Vergangenheit  wurde  eine  Zuordnung  des  GroBfeuerwerkes  generell 
zur  Gefahrklasse7  Lagergruppe  1 . 1  G  vorgenommen.  Da  es  das  groBte  Gefahrenpotential 
darstellt,  das  von  einem  verpackten  Gegenstand  mit  Explosivstoff  ausgehen  kann,  wurde  bisher 
aufPrufungen  verzichtet. 


In  den  Niederlanden  und  in  Kanada  durchgefiihrte  Tests  ergaben  jedoch,  daB  nicht  alle 
Gegenstande  des  GroBfeuerwerkes  das  typische  Verhalten  eines  Gefahrklasse  -1.1- 
Gegenstandes  aufweisen.  Die  Priifungen  in  Kanada  ergaben  eine  Zuordnung  auf  der  Basis  von 
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vergleichenden  Betrachtungen,  die  sich  an  den  Kalibem  der  einzelnen  Gegenstande 
orientierten.  Gegenstande  mit  Blitzsatz  werden  generell  der  Gefahrklasse  1.1  G  zuordnet.  Nach 
Meinung  der  BAM  sind  detailiertere  Aussagen  moglich.  Diese  Uberlegungen  sind  durch  erste 
Versuche  bestatigt  worden.  Es  wurde  entschieden  in  Zusammenarbeit  mit  dem  Verband  der 
pyrotechnischen  Industrie  auf  der  Grundlage  einer  Systematisierung  des  GrolBfeuerwerkes  in 
Deutschland  eine  komplexe  Versuchsserie  zur  Bewertung  des  Verhaltens  von  GroCfeuerwerk 
unter  verschiedenen  Belastungen  zu  untersuchen. 


2.  Systematisierung  des  GroBfeuerwerkes 

2.1  Gegenstandskategorien 

Auf  der  Grundlage  einer  Analyse  des  verwendeten  GroBfeuerwerkes  in  Deutschland  wurde 
eine  Systematisierung  des  in  Deutschland  verwendeten  GroBfeuerwerks  in  8  Gegenstands¬ 
kategorien  (Raketen,  Bomben,  Rdmische  Lichter/  Bombenrohre,  Feuertdpfe,  Fontanen/..., 
Lichterbilder/  Frontstucke,  Baugruppen,  Feuerwerksbatterien)  vorgenommen. 

Uber  eine  codierte  Darstellung  wird  die  Einteilung  der  Gegenstanden  iibersichtlicher  und 
erleichtert.  Diese  Systematisierung  ermoglichte  auch  als  wichtige  EinfluBgroBe  fur  die 
Transportsicherheit  die  Verpackung  in  die  Codierung  einzubeziehen. 

Die  Codierung  ist  wie  folgt  aufgebaut: 

Typ  -  Unterteilung  des  GroBfeuerwerkes  in  acht 

Gegenstandsgruppen 

Aufbau  -  Baugruppen,  die  ExplosivstofF  enthalten 

Masse  -  NettoexplosivstoflFmasse  (NEM)  des  Gegenstandes 

Verpackung  -  Art  und  Material  der  AuBenverpackung  (entsprechend 

Transportvorschriften  z.B.  4G  -  Kiste  aus  Pappe),  Angabe  der 
Nettoexplosivstoffmasse  innerhalb  eines  Versandstiickes; 
Unterverpackung  -  Fullmaterial,  Trennwande,  auch  Innenverpackung 
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Anmerkung  zur  Verpackung: 

Als  Verpackung  (AuBen-  bzw.  Transportverpackung)  ist  grundsatzlich  eine  nach  UN- 
Richtlinien  geprufte  Gefahrgutverpackung  einzusetzen.  Der  Typ  ist  anzugeben  (z.B.  Kiste  aus 
Pappe  -  4G  oder  Kiste  aus  Holz  -  4C1  usw  ). 

Als  Unterverpackung  gelten  Pappkartons  oder  gleichartige  Verpackungen,  die 
gleiche  mechanische  Stabilitat  sowie 

gleiche  Dampflingseigenschaften  hinsichtlich  Flammenwirkung  und 
Detonationsunterdriickung  haben  (z.B.  Schaumeinsatze  oder  dicke  Plastfolien  u.a.). 

Die  8  Gegenstandskategorien  sind  wie  folgt  aufgebaut: 


1.  Raketen  -  (R) 


Aufbau: 

1 

2 

3 

Z 


Treibladung 

Effekte  (auBer  Knalleffekte,  andere  als  Schwarzpulver) 
EfFekte  mit  Knallerzeugnissen  oder  Chloratsatzen 
Gegenstande  mit  reinen  Blitz-  oder  Knallsatzen 
Zerlegerladungen  (auBer  Schwarzpulver) 


Massen;  Nettoexplosivstoffmasse  ( NEM  ) 

1  <50g 

2  50g 250g 

3  250g 500g 


Verpackuns 


(Nettoexplosivstoffmasse  pro  Verpackung) 


UN  geprufter  Karton  (  z.B.:  ...  -  4G) 

1  <  5  kg 

2  <  20  kg 


Unterverpackung: 

Unterverpackung  (  UVP  )  A  =  Pappkarton 

Unterverpackung  (  UVP  )  B  =  Pappkarton  mit  Fullstoff  (z.B.  Recycling-Papier,  Chips) 
Beispiel. 

Typ  /  Aufbau  /  Masse  /  Verpackung  /  UVP 
R  /  IZ  /  3  /  2-4G  /  A 


2.  Bomben  -  (B) 


Kaliber:  0  100  mm 

0  150  mm 
>0  150  mm 


Aufbau: 

T  Treibladung 

1  Effekte  (  auBer  Knalleffekte,  andere  als  Schwarzpulver  ) 

2  Effekte  mit  Knallerzeugnissen  oder  Chloratsatzen 

3  Gegenstande  mit  reinen  Blitz-  oder  Knallsatzen  (  nur  Blitzbomben  ) 
Z  Zerlegerladungen  (  auBer  Schwarzpulver ) 

Masse:  Nettoexplosivstoffmasse  (  NEM  ) 


<  100  mm 


150  mm 


>  150  mmm 
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Verpackung:  (Nettoexplosivstoffmasse  pro  Verpackung) 

UN  gepriifter  Karton  (z.B.:  4G  /....) 

1  <  5  kg 

2  <  20  kg  mit  Fullstoflf 

Unterverpackung: 

Unterverpackung  (  UVP )  A  =  Pappkarton  3-5  mm 

Unterverpackung  (  UVP  )  B  -  Pappkarton  mit  FiillstofF (z.B.  Recycling  Papier,  Chips) 
Beispiel: 

Typ  /  Kaliber  /  Aufbau  /  Masse  /  Verpackung  /  UVP 

B/150  /T2  /2  /  2-4G/B 


3.  Romische  Lichter  /  Bombenrohre  -  (RL) 

Aufbau: 

T  Treibladung 

1  Effekte  (  Sterne,  Bombetten,  auBer  Knalleflfekte  andere  als  Schwarzpulver ) 

2  Effekte  mit  Knallerzeugnissen  oder  Chloratsatzen 

3  Gegenstande  mit  reinen  Blitz-  oder  Knallsatzen 

Massen:  Nettoexplosivstoffmasse  (  NEM  ) 

1  <150g 

2  150g...  500g 

3  >  500  g 


Verpackung:  (Nettoexplosivstoffmasse  pro  Verpackung) 

UN  geprufter  Karton  (z.B.:  ...  -  4  G) 

1  <  5  kg 

2  <  20  kg 

Unterverpackung: 

Unterverpackung  ( UVP  )  A  =  Pappkarton 

Unterverpackung  (  UVP  )  B  =  Pappkarton  mit  Fiillstoff  (z.B.  Recycling  Papier,  Chips) 


Beispiel: 

Typ  /  Aufbau  /  Masse  /  Verpackung  /  UVP 
RL  /  1  /  2  /  1-4G  /  B 


4.  Feuertopfe  -  (FT) 

Kaliber:  60  mm.. .80  mm...  100  mm... 
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Aufbau; 

T  Treibladung 

1  Effekte  (  auBer  Knalleffekte,  andere  als  Schwarzpulver  ) 

2  Effekte  mit  Knallerzeugnissen  Oder  Chloratsatzen 

3  Gegenstande  mit  reinen  Blitz-  oder  KnallsMzen 


Massen;  Nettoexplosivstoffmasse  ( NEM ) 

<  100  mm  >  150  mm 

1  <150g  <500g 

2  >150g  >500g 


Verpackung:  (Nettoexplosivstoffmasse  pro  Verpackung) 

UN  gepriifter  Karton  ( z.B.: ...  -  4G.) 

1  <  5  kg 

2  <  20  kg 

Unterverpackung; 

Unterverpackung  (  UVP  )  A  =  Pappkarton 

Unterverpackung  (  UVP  )  B  =  Pappkarton  mit  Fiillstoff  (z.B.  Recycling-Papier,  Chips) 


Beispiel: 

Typ  /  Kaliber  /  Aufbau  /  Masse  /  Verpackung  /  UVP 
FT  /  80  /  T  1  .  /  2  /  2  -  4  G  /  B 


5.  Fontanen.  Brander.  Wasserfalle.  Lichten  Lanzen  -  (FI 
Aufbau: 

1  Satzgruppe  3,  4,  5  (Satzgruppenzuordnung  gemaB  UVV  55k /7/} 

2  Satzgruppe  2 

Masse;  Nettoexplosivstoffmasse  (NEM) 


1 

2 

3 


<50g 

50g...  200g 

>200g 
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Verpackung;  (NettoexpIosivstofFmasse  pro  Verpackung) 

UN  gepriifter  Karton  (  z.B. :  ...  -  4G.) 

1  <  5  kg 

2  <  20  kg 


Unterverpackuns 


Unterverpackung  (  UVP  )  A  =  Pappkarton 

Unterverpackung  (  UVP  )  B  =  Pappkarton  mit  Fiillstoff  (z.B.  Recycling  Papier,  Chips) 


Beispiel: 

Typ  /  Aufbau  /  Masse  /  Verpackung  /  UVP 

F  /  2  /  3  /  1-4G  /B 


6.Lichterbilder.  Frontstiicke  -  (LB) 


Aufbau: 

1  Zusammenstellung  von  Einzelelementen  als  Teilbild  oder  Teilfrontstuck 

2  Zusammenstellung  von  Einzelelementen  als  komplettes  Bild  oder  Frontstuck 


Masse:  NettoexpIosivstofFmasse  (NEM) 


<20  kg 


Verpackung:  (NettoexpIosivstofFmasse  pro  Verpackung) 

1  UN-  Verpackung  (  z.B  :  ...  -  4  G) 

2  unverpackt,  Anziindstellen  abgedeckt,  auF dem  Fahrzeug  befestigt. 


Beispiel; 

Typ  /  Aufbau  /  Masse  /  Verpackung 
LB  /  1  /  1  /  1  -  4  G 

Oder  LB  /  2  /  1  /  2  - 


1  EfFekte  (  Sterne,  Kreisel,  Pfeifen,  u.s.w.  ) 

2  EfFekte  mit  Knallerzeugnissen  oder  Chloratsatzen 

3  Blitzladung  (  Bombetten  ) 

4  Treibladung  (  schubfahig  mit  Diise  ) 
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Masse  :  Nettoexplosivstoffmasse  ( NEM  ) 

1  <50g 

2  50  g  100  g 

3  >100g 


Veroackung:  (Nettoexplosivstoffmasse  pro  Verpackung) 

UN  gepriifter  Karton  (  z.B.:  ...  -  4G) 

1  <  5  kg 

2  <  20  kg 

U  nterverpackung: 

Unterverpackung  (  UVP  )  A  =  Pappkarton 

Unterverpackung  ( UVP  )  B  =  Pappkarton  mit  Fullstoff  (z.B.  Recycling  Papier,  Chips) 


Beispiel: 

Typ  /  Aufbau  /  Masse  /  Verpackung  / 

BG  /  2  /  1  /  1  -  4  G  / 


8.  Feuerwerksbatterien  -  (FB) 


Aufbau: 

(T  -  Treibladung)  -  stets  vorhanden,  daher  nicht  mit  anzugeben  ! 

1  Effekte  auBer  Knall  (inch  Schwarzpulver  als  Zerlegerladung) 

2  Effekte  mit  Knallkorpern  oder  Chlorat  -  Sternen 

3  Gegenstande  mit  reinen  Blitz-  oder  Knallsatzen 

Massen:  (Nettoexplosivstoffmasse  /Batterie) 

1  <1  kg 

2  1...  5  kg 

3  5...  10  kg 

Verpackung:  (Nettoexplosivstoffmasse  pro  Verpackung) 

UN  gepriifter  Karton  (  z.B.:  ...  -  4G) 

1  <  5  kg 

2  <  20  kg 


UVP 

B 
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U  nterverpacku  ng; 

Unterverpackung  (  UVP  )  A  =  Pappkarton 

Unterverpackung  (  UVP  )  B  =  Pappkarton  mit  Fiillstoff  (z.B.  Recycling  Papier,  Chips) 


Beispiel: 

Typ  /  Aufbau  /  Massen/  Verpackung  /  UVP 
FB  /  1  /  1  /  1  - 4G  /  B 


2.2  GroBfeuerwerk  in  Deutschland 

In  Deutschland  stellen  nur  einige  der  pyrotechnischen  Fabriken  GroBfeuerwerk  her.  Ein 
GroBteil  des  verwendeten  GroBfeuerwerkes  wird  jedoch  importiert.  Unter  Heranziehung  der 
vorstehend  beschriebenen  Systematisierung  geben  die  folgenden  Tabellen  eine  Ubersicht  liber 
das  in  Deutschland  verwendete  GroBfeuerwerk,  sowie  die  in  den  einzelnen  Gegenstanden 
enthaltene  Nettoexplosivstofirnasse. 


Tabelle  1  Systematisierung  vorhandener  GroBfeuerwerkssysteme 


Tabelle  2  GroBfeuerwerk  in  Deutschland 
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Entsprechend  den  Angaben  aus  den  beiden  Tabellen  wurde  die  Versuchsplanung  hinsichtlich 
der  Gefahrgutklassifizierung  erstellt  und  die  Versuchsmuster  ausgewahlt. 


3.  Klassifizierungsverfahren  und  Versuchsplanung 

Die  Versuchsmuster  wurden  aus  den  8  Gruppen  zusammengestellt.  Die  Gegenstande  mit  der 
groBten  Nettoexplosivstoffmasse  aus  jeder  Gruppe  wurden  als  erste  gepriift. 

Fiir  die  Gefahrgutklassifizierung  wurden  vom  Oktober/  November  93  bis  zum  Dezember  94 
folgende  Prufungen  durchgefiihrt  und  die  entsprechenden  Kriterien  nach  UN  -  Empfehlungen 
zur  Befbrderung  von  gefahrlichen  Giitern  angewandt: 

4(b)  -  Fallpriifung "  12  m  Falltest "  -  /5/ 

6(a)  -  Innenzundung  eines  Einzelpackstiickes  -  /5/ 

6  (c)  -  AuBenbrandtest  eines  Holzstapels  mit  Priifmuster  -  /6/ 

Die  bisherigen  Ergebnisse  der  Prufungen  werden  im  folgenden  dargestellt  und  bewertet. 


4.  Priifergebnisse 

Die  Prufungen  von  GroBfeuerwerksgegenstanden  im  12  m-  Falltest  (UN  -  Test  4(b))  ergaben 
zwar  eine  Besch^igung  der  Verpackung  und  vereinzelt  auch  der  Gegenstande.  Es  traten  aber 
keine  Beschadigungen  auf ,  die  auf  eine  explosive  Reaktion  oder  Auslbsung  der  Gegenstande 
hinweisen.  Es  wurden  keine  Brand-  und  Explosionsgefahren  festgestellt.  Das  "AufreiBen  der 
Verpackung  wird  auch  nach  UN  -  Bewertungskriterien  nicht  als  positives  Ergebnis  gewertet. 

Im  Einzelpackstucktest  6(a)  wird  ermittelt,  ob  die  fiir  eine  1.1-  Klassifizierung  typische 
Reaktion  -  eine  gleichzeitige  Explosion  des  gesamten  Inhaltes  der  Verpackung 
(Massenexplosion)  -  bei  Ziindung  eines  Gegenstandes  auftritt. 

Fontanen  und  Brander  werden  meistens  in  Verpackungen  dicht  gepackt.  Es  besteht  dadurch 
die  Gefahr  der  Uberzundung  zwischen  den  Gegenstanden.  Es  wurde  keine  massenexplosive 
Wirkung  festgestellt.  Gefahren  fur  die  Umgebung  traten  nicht  auf  Eine  Klassifizierung  in  die 
Unterklasse  1 . 1  nach  den  Kriterien  des  Testes  6(a)  war  nicht  gerechtfertigt.  Die  Gefahr  der 
Uberzundung  besteht  bei  anderen  Gegenstanden  ebenfalls,  wie  z.B.  bei  Bomben,  durch  deren 
Ziindmechanismus.  Aufgrund  der  Optimierung  der  gesamten  Priifablaufes  und  dem  Bestreben 
die  Anzahl  der  Versuchsmuster  gering  zuhalten,  wurde  darauf  verzichtet  mit  alien 
Gegenstandgruppen  die  Innenzundung  im  Einzelpackstucktest  durchzufiihren. 
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Der  AuBenbrandtest  -  Priifmethode  6(c)  -  spielt  bei  der  Zuordnung  zu  den  einzelnen 
Unterklassen  im  Klassifizierungsverfahren  eine  zentrale  Rolle.  Durch  die  Zuordnung  zu  einer 
Unterklasse  ergeben  sich  Zusammenpackverbote  und  Zusammenladeregelungen  fiir  die 
einzelnen  Gegenstande,  auBerdem  mussen  bestimmte  Lademengen  auf  Beforderungseinheiten 
eingehalten  werden. 


Die  Ergebnisse  sind  in  der  Tabelle  3  zusammengefaBt  dargestellt 


Tabelle  3  Geprufte  Grofifeuerwerkssysteme  und  Klassifizierung 
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Zu  den  einzelnen  Gegenstandgruppen  konnen  folgende  Bemerkungen  gemacht  werden: 

AJle  Gegenstande  mit  Blitzknallsatzen  werden  aufgrund  der  Gefahr  einer  Massenexplosion  der 
Gefahrklasse  1.1  zugeordnet. 

Es  zeigte  sich  erwartungsgemaB,  daB  viele  Gegenstande  (siehe  Tabelle  3)  ein  Verhalten  der 
Gefahrklasse  1.3  zeigen.  Die  Kriterien  fiir  die  Gefahrklasse  1.3  G,  wie  die  auftretenden  hohen 
Warmemengen  (siehe  Diagramme  -  Anlage  1)  und  die  registrierten  Wurfweiten  von  aus  Holz, 
Pappe  Oder  Kunststoflf  bestehenden  Wurf-/  Splitterstiicken,  werden  erfiillt.  Bei  hoheren 
Nettoexplosivstoffmassen  (siehe  Tabelle  3  -  Kaliber  210  mm/Bombe)  ist  eine  Tendenz  zur 
Gefahrklasse  1 . 1  G  festzustellen. 

Die  Gegenstande  fiir  die  Zusammenstellung  von  Lichterbilder,  wie  z.B.  Fontanen,  Brander  sind 
teilweise  zugelassene  Gegenstande  entsprechend  Sprengstofifgesetz.  Aufgrund  der  Vielfalt  der 
verwendeten  Gegenstande  kann  sich  eine  dififerenzierte  Zuordnung  zu  den  Gefahrklassen 
ergeben.  Es  ist  hilfreich  die  vorhandene  Prufergebnisse  und  die  Bewertung  von  ahnlichen 
bereits  klassifizierten  Gegenstanden  zur  Zuordnung  der  Lichterbilder/  Frontstucke 
einzubeziehen. 

Die  verwendeten  Gegenstande  fur  GroBfeuerwerksbaugruppen  -  "Baugruppen"  -  weisen 
sowohl  das  Verhalten  der  Gefahrklasse  1.1,  1.2,  1.3  als  auch  der  Gefahrklasse  1.4  auf  Viele 
Baugruppen  wie  z.B.  pyrotechnische  Munition,  pyrotechnische  Satze,  verschiedene 
zugelassene  Feuerwerkskorper  besitzen  schon  eine  Zuordnung. 

Da  das  Klassifizierungsergebnis  u.a.  auch  von  der  Art  der  Verpackung  abhangig  ist,  muB  auf 
der  Suche  nach  einer  geeigneten  Verpackung  uberlegt  werden,  ob  der  Aufwand  fur  eine  neue 
Verpackungstechnolgie  oder  -materialien  auch  dem  Nutzen  bezuglich  der  Moglichkeit  hbhere 
Ladungsmengen  zu  befordern,  die  Gefahrklasse  herabzusetzen  oder  eventuell 
Befbrderungseinheiten  ohne  spezielle  Anforderungen  zu  verwenden,  entspricht.  Hier  besteht 
bei  der  Beurteilung  eine  gegenseitige  Abhangigkeit. 

Folgende  Elinweise  zur  Verwendung  von  Verpackungen  konnen  gegeben  werden: 

Uberziindungen  zwischen  den  Gegenstanden  werden  durch  einzeln  verpackte  Gegenstande, 
Trennwande,  Fullmaterialien  verhindert.  Gegenstande  konnen  schon  durch  die  Festlegung  in 
AbschuBrohren  separiert  werden.  Dadurch  ergibt  sich  eine  Abbrandverzogerung.  Die  Dauer 
der  Reaktion  der  Versuchsmustern  wahrend  des  AuBenbrandtestes  wird  durch  die  zeitversetzte 
Auslosung  verlangert.  Der  ExplosivstofF  setzt  sich  nicht  kurzfristig  urn.  Die  freiwerdenden 
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Warmemenge  erreicht  keine  Spitzenwerte,  wie  es  bei  kurzen  heftigen  Branden  vorkommen 
kann. 

Als  Materialien  werden  vorzugsweise  Pappe,  Holz  oder  Kunststoff  verwendet.  In  die 
AuBenverpackung  integrierte  Metallgitter  verhindern  das  Auswerfen  von  Splittern,  Spreng- 
und  Wurfstucken.  Urn  eine  sichere  Handhabung  auf  dem  Abbrandplatz  und  wahrend  der 
Beforderung  zu  gewMeisten,  wird  versucht  Mehrwegverpackungen  z.B.  auch  mit 
Schubeinsatzen  ,  die  gleichzeitig  AbschuBkonfigurationen  darstellen,  aus  Holz  oder  Kunststoff 
anzuwenden 


Allerdings  ist  es  entsprechend  den  gesetzlichen  Regelungen  bisher  nicht  gestattet  komplette 
AbschuBbatterien  bestehend  aus  den  pyrotechnische  Gegenstanden  und  aus  Ziindmitteln  in  den 
entsprechenden  AbschuBrohren  zu  befordern.  AbschuBrohre  stellen  keine  geschlossene 
Innenverpackung  dar.  Erst  auf  dem  Abbrandplatz  soli  das  GroBfeuerwerk  aus  seiner 
Ursprungsverpackung  entnommen  und  komplettiert  werden.  Bei  den  vorgenommenen 
Testserien  wurden  auch  komplettierte  AbschuBbatterien  mit  unterschiedlichen  Kalibern  in 
Holzkisten  mit  verschlieBbaren  SeitenPffnungen  im  AuBenbrandtest  gepruft. 

Es  kam  zu  keiner  Uberziindung  zwischen  den  Gegenstanden,  die  in  den  Rohren  festgelegt 
waren.  Die  Gegenstande  wurden  bestimmungsgemaB  ausgelost.  Beim  Test  mit  einer  Kiste 
wurden  die  Gegenstande  in  vorbestimmter  Richtung  ausgeschleudert.  Die  Effekte  reagieren 
bestimmungsgemaB  in  AusstoBrichtung  bei  verringerter  Flughohe.  Sind  die  Kisten 
ubereinander  gestapelt,  zunden  die  Effektkorper  schon  in  den  unteren  Kisten.  Die  Effektkorper 
in  den  obenlegenden  Kisten  werden  bestimmungsgemaB  herausgeschleudert.  Durch  das 
Auftreten  von  Uberziindungen  und  gefahrlichen  Wurfstucken  kann  es  zu  einer  Zuordnung  in 
die  Gefahrklasse  1 . 1  G  und  1 .2  G  kommen.  Eine  Prufling  wird  notwendig  flir  eine 
differenzierte  Gefahrgutklassifizierung.  Ohne  Priifung  werden  die  GroBfeuerwerksgegenstande 
der  Gefahrklasse  1 . 1  G  zugeordnet. 

Bei  den  "Romischen  Lichtern"  konnen  die  Gegenstande  sowohl  der  Gefahrklasse  1.3  G  als 
auch  der  Gefahrklasse  1.2  G  zugeordnet  werden.  .Es  war  ab  Kaliber  50  mm  festzustellen,  daB 
die  Effektkorper  beim  bestimmungsgemaBen  AusstoB  die  Nachweisschirme,  die  4  m  vom 
Holzstapel  aufgestellt  werden  und  dem  Nachweis  der  Wirkung  von  Splittern  und  Wurfstucken 
dienen,  durchschlagen  konnen.  Damit  wurden  die  Kriterien  flir  die  Gefahrklasse  1.2  G  erfiilit. 
Das  Durchschlagsverhalten  ist  abhangig  von  der  Konfiguration  des  aufschlagenden  Korpers. 
Haben  diese  Gegenstande  eine  zylindrische  Gestalt  und  bestehen  sie  aus  einem  Material  mit 
einer  groBeren  Harte  als  Pappe  z.B.  Kunststoff  oder  Aluminium,  so  kann  es  ab  Kaliber  50  mm 
zu  Durchschlagen  kommen,  wenn  die  entsprechende  Aufschlaggeschwindigkeit  die 
entsprechende  kinetische  Energie  des  "Geschosses"  bestimmt.  Bei  Gegenstanden  mit 
abgerundeter  Auftreffflache  und  Pappumhullung  ist  ein  derartiges  Verhalten  nicht  festzustellen. 


33  -  20 


Integriert  man  in  die  AuBenverpackung  ein  Metallgitter  verhindert  man  den  Auswurf  solcher 
"Geschosse"  wirkungsvoll,  Eine  Zuordnung  in  die  Gefahrklasse  1.3  G  ist  mdglich. 

Die  Ergebnisse  in  Form  der  vollzogenen  vorlaufigen  Zuordnung  werden  in  der  Tabelle  4  in 
zusammengefaBter  Weise  dargestellt. 


TabeUe4  Klassifizierung  von  GroCfeuerwerk  (Stand  03  95) 

Gegenstands-  Gefahrklassen 

gruppen 

1.1  1.2  1.3 

1.4 

Raketen 

(R) 

R/3/... 

- 

R/... 

- 

Bomben 

(B) 

B/.../3/... 

B/(>150)/... 

B/(>125)/...(x) 

B/... 

- 

Rdmische  Lichter 
(RL) 

RL/3/... 

RL/... 

RL/... 

- 

Feuertopfe 

(FT) 

FT/.../3/... 

FT/(>150)/.., 

- 

FT/... 

- 

Fontanen 

(F) 

- 

- 

F/... 

- 

Lichterbilder 

(LB) 

- 

- 

- 

LB/.. 

Baugruppen 

(BG) 

BG/... 

BG/.. 

BG/... 

BG/.. 

Feuerwerksbatt. 

(FB) 

FB/3/... 

FB/... 

FB/... 

-(XX) 

(x)  -  zylindrische  Gegenstande 

(xx)  -  es  sind  noch  Versuche  notwendig 


Abbildung  1  AuBenbrandtest  mit  Feuertdpfen  (FT) 


5.  Ausblick  und  SchluCfolgerungen/  Conclusions 


ErwartungsgemaB  kann  eine  groBe  Anzahl  von  Gegenstande  in  die  Gefahrklasse  1.3  G 
zugeordnet  werden.  In  einigen  Gegenstandskategorien  sind  alle  Gefahrklassen  von  1.1  bis  1.4 
vertreten. 

Ausstehende  Prtifungen,  wie  z.B.  fiir  die  Gruppe  der  Feuerwerksbatterien,  werden 
erganzenden  Charakter  haben  und  im  Verlauf  der  nachsten  Zeit  in  die  Bewertungstabelle 
einbezogen.  Neue  Gegenstande  oder  Gruppen  kdnnen  nach  Prufung  in  die  Tabelle  eingebaut 
werden. 

Wie  soli  man  nun  mit  den  vorhandenen  Ergebnisse  umgehen? 

Die  Verantwortung  fiir  die  ordnungsgemaBe  Vorbereitung  der  Gefahrgutklassifizierung  durch 
die  BAM  liegt  bei  den  Herstellem.  Die  vorliegende  Codierungsmoglichkeit  hilft  den  Herstellern 
ihre  Gegenstande  einzuordnen  bzw.  eine  Vorbewertung  durchzufiihren  und  damit  fiir  die 
Klassifizierung  durch  die  BAM  vorzubereiten. 

Anhand  der  eingereichten  Antrage  kann  die  BAM  auf  der  Grundlage  von  Analogiebe- 
trachtungen  entsprechende  Zuordnungsbescheide  fiir  die  Befbrderung  als  auch  fiir  die 
Lagerung  erteilen  oder  erganzende  Priifungen  vomehmen.  Es  ist  nicht  ausgeschlossen,  daB  der 
eine  oder  andere  Gegenstand  auf  der  Grundlage  von  Priifungen  neubewertet  werden  muB. 

Die  Notwendigkeit  der  Lagergruppenzuordnung,  die  analog  und  zusammen  mit  der 
Gefahrgutklassifizierung  durchgefuhrt  werden  kann,  wird  durch  den  §  4  der  2.  SprengV 
begriindet. 
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PROBLET'.'LATIK  DER  PORETTSISCHEIT  UFTERSUCHUEGEH  DER  DETOMOTEU  ER- 

EiGNissE  nr  geeXuden 

Dr«Ing«Othmar  Mueller «  Dir ek tor 

Technisches  Gerichtssachvers tandlgenins titut  Ungarns  /IMSZI/  » 

H  -  1406  Budapest,  Vll.Postfach  15 •  ,DainJanich  utca  12.  Ungam 

ABSTRACT 

Also  in  Hungary  had  been  occured  some  detonative  events  in  con¬ 
nection  with  buildings:  damages  caused  by  explosions  of  gasses, 
powders  and  by  criminal  actions  using  commercial  or  military  ex¬ 
plosives  , homemade  explosives,  pyrotechnic  compositions.  The  in¬ 
vestigation  of  a  detonative  event  begins  with  a  forming  of  a 
special  team  with  criminalists,  criminal  technicians,  forensic 
experts.  The  first  step  -  simultaneously  with  the  rescue  action 
—  consists  of  the  search  for  the  cause/s/  of  the  detonative  e- 
vent.  Later  the  team  will  work  to  clear  the  full  facts  to  sup¬ 
port  the  law-court  procedures.  The  lecture  tries  to  give  an  o- 
verview  of  the  steps  on  the  forensic  investigations. 

Einleitung. 

Es  erfolgt  ein  Ereignis,  das  man  vorerst  als  einen  "detonati- 
ven  Vorgang”"  signalisiert,  weil  es  noch  nicht  klar  ist,  was 
wirklich  geschehen  ist.  Die  Eeuerwehr,  die  Polizei,  bei  "Ka¬ 
tas  trophengrosse*^  der  Zivilschutz  erscheint  am  Ort  des  Ereig- 
nisses.  Hier  finden  sie  oft  ein  Feuer  von  verschiedenen  Gros- 
sen  und  Intensitaten  vor,  ggf.  mit  Explosionen  Oder  nicht.  Es 
gibt  detonative  Ereignisse  ohne  Feuer  mit  kleineren  Oder  gros- 
seren  Materialschaden,  mit  Verwundeten,  Tt)ten,ggf.  mit  annehmbar 
verschiitteten  Personen.  Vorerst  sollte  natiirlich  das  Rettungs- 
verfahren  eingeleitet  werden  parallel  mit  der  Gefahrverminde- 
rung  bezuglich  eventuellen  labilen  Kons truktionen.  Bei  detona- 
tiven  Vorgangen  fangt  die  Polizei  sofort  mit  ihren  Inves tigatio- 
nen  an  urn  moglichst  alle  Einzelheitan  des  "Ereignisortes"  bild- 
lich  fixieren  zu  kdnnen.  Sogleich  muss  auch  ein  Sachvers tandigen- 
team  bestehend  aus  verschiedenen  Kompe tenzgebie ten  gebildet 
werden. 
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Aufgabens tellun^  des  Untersuchunp:3 teams 

Oft  ist  es  sogleich  klar,  das  das  Ereignis  "nur"  ein  einfaches 
Feuer  ist,  das  geloscht  werden  muss  und  nachher  soil  die  Feuer- 
ursache  festgestellt  werden#  /  Ggf.  ob  ein  Verdacht  auf  eine 
Brands tif tung  bekraftigt  werden  kann#  / 

Bei  "komplexen  Peuers tellen",  besonders  in  /Chemie-/  Indus trie- 
anlagen  ist  die  Untersuchung  viel  problema tischer,  besonders  im 
Zusammenhang  mit  G-asen  und  Pulvern#  ffier  treten  auch  Umv/eltas- 
pekte,  z#B.  im  Zusammenhang  mit  giftigen,  gefahrlichen  Belas  tun- 
gen  auf.  Hierbei  sind  gekoppelte  terroris tische  Sabo tageaktio- 
nen  auch  nicht  auszuschliessen./  Gekoppelt  sind  solche  Aktionen 
bei  welchen  ein  Sprengsatz  grundsatzlich  einere  weit  grossere 
detonative  Umsetzung  auslosen  sollte./ 

Auch  bei  "einfachen’%  relativ  kleinen  Sprengaktionen  /  die  La- 
dung  wird  vor  dem  Cbjekt  gezundet,  bzw.  sie  besteht  nur  aus 
500-1000  g  Exp losivs toff/  ist  der  Detonationsort  leicht  fest- 
zustellen,  bzw.  es  ist  eindeutig,  dass  dort  eine  Explosivs toff- 
detonation  stattfand. 

Obzwar  bei  Explosivs toff anschlagen  katas trophalen  Ausmasses,wie 
z.E.  beim  World  Trade  Center  in  Few  York,  oder  bei  Autobomben 
mit  400-1000  Kilogramm  im  Kofferraum  /auf  Strassen  neben  Gebau- 
den  stehenden  Pkw-s/  ist  es  eigentlich  auch  sofort  annehmbar, 
dass  eine  Explosivs to ff-De tonation  s tattgefunden  hat,  aber  es 
ist  nicht  iiberblickbar,  wie,  mit  welchem  Sprengstoff,  durch  v/el- 
che  ZUndung,  usw.  die  Detonation  durchgefuhrt  vmrde. 

Das  zu  bildende  Team  ist  nicht  einfach  -  wie  es  so  oft  in  den 
Nachrichten  steht  -  eine  Gruppe  von  Sprengstoff exper ten,  sondern 
ist  vielmehr  ein  Komplexteam  von  oft  vielen  Kompe tenzgebie ten 
der  forensischen  lind  technischen  Wissenschaf ten,  der  Gerichts- 
sachvers  tandigen. 

Je  nach  der  Komplexizitat  des  Ereignisses  ist  die  Aufgabens tel- 
lung  des  Teams  ein  solches,  oft  aus  mehreren  Gutachten  bestehen- 
des  Untersuchungsergebnis  zu  erarbeiten,  aufgrund  dessen  die  Po- 
lizei,  die  S taatsanwaltschaf t  die  Ursache  des  Ereignisses  ein¬ 
deutig  klar  sieht,  die  TSter  eruieren  kann  und  beim  spateren 
Gerichtsverfahren  die  Anklage  stabil  untermauern  kann; 
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Aufp:abentellunF:  und  Mi  tilled  er  des  Sachvers  tandigen  teams 

Der  Vorgang  und  Arbeitsweise  der  "Peuerbeschauung”  ist  allgemein 
bekannt,  deshalb  wird  im  Yortrag  auf  die  kriminellen  /terroris- 
tischen/'  Explosivs toffaktionen  der  Schwerpunkt  gesetzt.  Der  Lei- 
ter  des  Teams  ist  allgemein  ein  solcher  Kriminalist,  der  auf  dem 
Gebiete  der  Sprengs toffattentate  eine  langere  Erfahrung  besitzt* 
Der  Teamleiter  muss  anlasslich  der  Einfuhrungs-Lagebesprechung 
die  Aufgabengebiete  abstimmen  und  auch  die  Zusammenarbeit  der 
verschiedenen  Sachvers tandigen  festlegen,  damit  z.B,  der  eine 
Sachvers tandige  die  Untersuchungs tatigkeit  des  anderen  nicht 
stort,  bzw,  die  spezifische  Beweissicherung  zunichte  macht,  Ob- 
zwar  an  Ort  und  Stelle  viel  untersucht  werden  kann,  ist  die  Ar¬ 
beit  des  Ibams  ohne  sog.Laborhintergrund  nicht  ausschlaggebend# 
Es  ist  auch  deshalb  notwendig,  dass  das  Untersuchungs organ,  all¬ 
gemein  die  Polizei  iiber  eine  Personenkartei  der  in  Betracht  kom— 
manden  Sachvers  tandigen  verfiigt,  um  die  kompetenten  Personen  je 
nach  No twendigkeiten  des  Ihtortes  heranziehen  kann* 

Welche  Kompetenzgebiete  kommen  in  Betracht? 

-  Der  Gerichtsmediziner  kann  durch  die  Yerletzungserscheinungen, 
durch  das  Sichern  eventueller  Splitter  und  Wundgegenstanden  in 
und  aus  Yerle tzten,bzw* Tb ten  wertvolle  Hiweise  geben,  besonders 
hinsichtllch  tlberdruck-  und  ballis  tischen  Einwirkungen. 

-  Die  Spurenfahnder  bilden  selber  eine  Gruppe*  Wichtige  Spuren 
kbnnen  sein:  De tonationsschmauch.  Me tallteile jYerpackungsmate- 
rialreste,  Zlindmittelstlicke,  Glassplitter  und  besonders  inter- 
essant  in  letzterer  Zeit  sind  "Ges tankfixierungen"; 

-  Die  Spurenanalysatoren  sind  allgemein  in  Laboratorien  tatig, 
die  Pachgebiete  sind  sehr  breit  gestaffelt:  Analyse  von  Spuren- 
materialien,  Chemikalien,  Papieren,  Me fallen.  Runs  toff en,  und 
Dokumentenuntersuchungen  kbnnen  auch  von  V/ichtigkeit  sein. 

-  Die  Bausachvers tandigen*  besonders  aber  die  Kons truktions- 
fachleute  und  Statiker  sind  im  letzten  Jahrzeimt  wichtig  gewor- 
den.  Aufgrund  der  schwedischen  Untersuchungen  ist  es  moglich, 
durch  zusammengese tzte  komputerisierte  Analyse  der  Verriickung 
der  Bauteile  durch  die  Einwirkung  von  Detonationen  festzus tel¬ 
ler  wie  die  Ladungsgrosse  gewichtsmassig  und  wo  sie  gelagert 
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-  Per  Fahrzeug-Sachverstandige  kann  besonders  durch  die  Untereu- 
chung  des  detonierten  Fahrzeuges  wertvolle  Hinweise  auf  die  Deto~. 
nationsvorgange ,  bzw,  auf  den  Eigentiimer  des  Pahrzeuges,usw,geben* 

Per  llbxikologe  karm  in  der  Explosivs  toff  analyse  /auch/  behilf- 
lich  sein,  bzw.  in  der  Untersuchung  der  Schmauchspuren.  Auch  soil 
er  iiber  die  eventuellen  tozischen  Ausmasse  des  detonativen  Vorgan- 
ges  eine  Expertise  geben. 

~  Der  Entscharfungsspezialis t  soli  eigentlich  im  Palle  einer  noch 
nicht  detonierten  weiteren  *’Hbllenmas chine"  zum  Entscharfen  einge- 
setzt  werden.  Anderseits  aber  ist  er  ein  Sachvers tandiger  fur  die 
"gruppenspezif ischer*^,  bzw.  personenspezifischen  Merkmale  der  At- 
tentatsmittel  zustandig  im  Yergleich  mit  friiheren  Aktionen. 

-  Der  daktyloskopische  Spezialist  ist  zustandig  bei  nicht  deto¬ 
nierten, bzw.  nicht  beriihrten  Sprengeinrichtungen  auf  der  Suche 
nach  Pingerabdriicken. 

“  Die  gerichtlichen  Sachvers tandigen  fur  Elektronik  errangen  ei¬ 
ne  Wichtigkeit  in  letzterer  Zeit.  Es  werden  verdeckte  Hbllenma- 
schinen  in  elektronlschen  Mitteln  /Kofferradio,  Lap-tops,  Ible- 
phon,Yideogerate,usw./  eingebaut;  zur  Ziindung  von  USBY-s  AJn- 
konventionelle  Sprang-  und  Zundvorrichtungen/  werden  elektroni- 
sche  Elemente,  Punkgerate  usw.  verwendet;  Sprengrezepte  und  - 
handbiicher  werden  durch  Komputemetze  vermittelt  und  abgerufen; 
die  Stiromenanalyse  von  Drohtelephonaten  und  "Verantwortungsiiber- 
nahmen"  kann  auch  zum  Beweismittel  gehoren. 

Kurzuberblick  der  Ausriistungen  des  Sachvers  tandigenteams . 

In  die  Gerate  und  Ausriistungen  der  Vielzweckausrus tungen  der 
kriminalistischen,  toxikologischen, chemischen  Laboratorien  soil 
hlerbei  nicht  eingegangen  werden,  besonders  in  die  immer  komp- 
lexer  arbeitenden  Analysegerate, Chroma tographen,  usw. 

Die  an  Ort  und  Stelle  zu  verwendenden  Ausriistungen  sind  auch  im¬ 
mer  vielseitiger. 

Die  biologischen  Detektoren  sind  die  Hunde.Sie  konnten  durch  die 
effektiver  arbeitenden  Schniiffelschweine  nicht  verdrangt  werden. 
/Das  hat  praktische  Griinde./Laut  amerikanischen  Unteruchungen 
waren  die  Ratten  noch  effektiver,  aber  praktisch  sind  sie  auch 
nicht  einsetzbar. 
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Das  Tfeam  muss  iiber  vers chi edene  Teleskop-Spiegel  verfugen,  so- 
wie  Uber  Bendoskope  und  Boreskope.  Die  Exp losivs toff e  /insofern 
sie  nicht  detonierten,  bzw*  teilweise  detoniert  sind  und  ver- 
streut  wurden/  konnen  durch  die  EIK-s  /Explosives  Testing  Kits/ 
primar  festgestellt  werden.  /Die  ETC-s  sind  aber  auch  Einwir- 
kungen  von  anderen  "energetischen  Materialien”  anfallig,  deshalb 
ersetzen  sie  die  laboruntersuchungen  nicht,  sie  sind  auch  kein 
grundsatzliches  Beweismittel#/ 

Die  verschiedens ten  Explosive  toff detektoren  sind  eigentlich  nur 
fiir  das  Auffinden  von  nicht  detonierten  Explosive  toff en  geeignet* 
Hierbei  soli  erwahnt  werden,  dass  tragbare  Rontgen-Durchleuch- 
tungsgerate  beim  Untersuchen  von  aufgefundenen,  intakten  Hbllen 
maschinen  besonders  zwecksmassig  sein  konnen# 

Eatiirlich  darf  die  "iibliche**  Tatortausriis tung  nicht  fehlen#/Z.B. 
Potogerate,  Messgerate,  Tonbandgerate ,  usw,/ 

Konklusionen# 

Auch  in  Ungarn  erschienen  terroris tische  Sprengaktionen,  die 
besonders  von  Auslandem  veriibt  worden  sind.  Eine  potentionel- 
le  Gefahr  bed eu ten  die  "Hinterlassenschaf ten”  der  Sowjetarmee, 
sowie  die  Echmuggelwaren  aus  den  Krisengebie ten.  Einige  einhei- 
mische  Racheaktionen  wurden  -  hauptsachlich  durch  Handgranaten 
-  veriibt.  Eine  gewisse  Interesse  erwachte  fiir  Selbs tlaborate, 
die  aber  bisher  noch  rechtzeitig  entdeckt  wurden.  /Zu  einem  na- 
turwissenschaf tlichen  Wettbewerb  einer  Zeitschrift  schickte  ein 
Schuler  sein  "Sprengpulver”  ein.  Er  erhielt  keinen  Preis./  Die 
im  Vortrag  beschriebenen  Teams  und  Vorgangaweisen  wurden  bei 
den  bisher  eher  sparlichen  Pallen  erfolgreich  verwendet.  Es  war¬ 
den  weitere  Untersuchungen  zur  Vervolls tandigung  der  Untersu- 
chungsme thoden  und  der  in  Betracht  kommenden  'Ibanunitglieder  ein— 
geleitet. 
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MECHANICAL  FAILURE  OF  HMX  BASED  PBXs  AND  ITS 
RELATIONSHIP  TO  IMPACT  SENSITIVITY 


S  B  Langston 

School  of  Mechanical,  Materials  and  Civil  Engineering, 
Cranfield  University, 

Royal  Military  College  of  Science, 

Shrivenham,  Swindon,  SN6  SLA,  UK. 


ABSTRACT 

HMX  (l,3,5,7-tetranitro-l,3,5,7-tetrazacyclooctane)  recovered  from  polymer  bonded 
explosive  compositions  (PBXs)  was  investigated  using  Scanning  Electron  Microscopy  (SEM). 
Each  composition  consisted  of  95%  HMX  Type  B  and  5%  polymeric  binder.  Dissolution  of 
the  polymer  permitted  HMX  particulates  to  be  recovered  from  pressed  and  unpressed  PBXs. 
On  examination,  a  number  of  fractured  particulates  were  located.  The  impact  sensitivity  of 
recovered  HMX  had  increased  compared  to  the  original  ex-works  material.  Cylindrical 
pressed  pellets  of  each  PBX  were  subjected  to  mechanical  testing  in  the  compression  mode. 
The  mechanical  properties  of  pressed  pellets  and  the  impact  sensitivity  of  the  unpressed 
moulding  powders  were  shown  to  depend,  in  most  cases,  upon  the  degree  of  polymeric 
binder  plasticisation.  Tough  and  brittle  binders  were  found  to  produce  sensitive  compositions. 
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INTRODUCTION 

A  series  of  polymer  bonded  explosive  compositions  (PBXs)  based  on  HMX  with  either  water 
soluble  binders  or  Cariflex  was  prepared.  After  pressing,  pellets  of  each  PBX  were  subjected 
to  mechanical  testing  in  the  compression  mode  and  a  series  of  load/displacement  curves  were 
produced.  Further  pellets  of  all  the  water  soluble  binder  based  PBXs  and  some  Cariflex  based 
compositions  (10  &  14)  were  broken  down  on  addition  to  either  water  or  cyclohexane. 
Scanning  Electron  Microscopy  (SEM)  was  carried  out  on  the  recovered  HMX.  HMX 
recovered  from  compositions  1-5  was  subsequently  impact  tested  using  the  Rotter  Impact 
Machine.  It  was  then  possible  to  assess  the  effect  processing  and  compaction  had  on  the 
degree  of  particle  cracking  and  other  characteristics  of  HMX.  All  PBX  moulding  powders 
were  subjected  to  the  Rotter  Impact  Test  and  Figures  of  Insensitivity  (F  of  1)  obtained. 

A  number  of  water  soluble  polyvinyl  alcohols  were  assessed  for  their  suitability  as  binders 
for  recoverable  PBXs.  The  polyvinyl  alcohols  used  in  this  investigation  were  Alcotex  72.5, 
supplied  by  Harlow  Chemical  Company  Ltd  and  Mowiol  GE4-86,  manufactured  by  Hoechst 
(available  through  Harlow  Chemical  Company).  Alcotex  72.5  is  a  cold  water  soluble,  72.5% 
hydrolysed  (27.5%  residual  acetate  groups)  polyvinyl  alcohol.  Mowiol  GE4-86  is  an 
internally  plasticised,  hot  water  soluble  analogue  of  Alcotex  72.5.  The  polyethylene  glycols, 
PEG  200,  PEG  300,  PEG  400  and  glycerol  used  as  the  low  molecular  weight  plasticisers  for 
the  polyvinyl  alcohols  were  supplied  by  Aldrich  Chemical  Company  Ltd. 

A  series  of  PBXs  based  on  HMX  with  either  Cariflex  TR-1101  or  TR-1102  styrene- 
butadiene-styrene  (SBS)  block  co-polymer  thermoplastic  elastomers  were  manufactured. 
Cariflex  was  supplied  by  Shell  Chemicals  UK  limited.  Cariflex  TR-1102  is  similar  to 
Cariflex  TR-1 101  but  with  a  lower  modulus  of  elasticity.  The  Mechanical  Pump  Oil  No.8A, 
used  as  a  plasticiser  for  the  thermoplastic  elastomer  based  binders  was  supplied  by  Edwards 
High  Vacuum  International. 

PREPARATION  OF  COMPOSITIONS 

Compositions  1-5  were  hand  mixed  at  the  50g  level  with  a  horn  spatula  inside  a  stainless 
steel  beaker  using  a  water  based  paste-mix  process.  The  water  was  removed  by  placing  the 
beaker  on  a  hot  water  heated  hotplate  in  a  forced  air  draught.  All  remaining  traces  of  water 
were  removed  by  placing  the  beaker  in  a  vacuum  desiccator.  It  was  found  that  Alcotex  72.5 
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showed  a  marked  reduction  in  water  solubility  above  its  cloud  point  (30-35T);  undergoing 
a  phase  change  from  a  solution  to  a  dispersion.  On  reaching  the  cloud  point  the  mixture  of 
HMX,  binder  and  water  tended  to  gel  with  a  subsequent  drop  in  viscosity.  On  cooling  below 
the  cloud  point  the  binder  rapidly  re-dissolved  with  an  immediate  increase  in  viscosity.  This 
effect  made  preparation  of  the  water  based  PBXs  time  consuming.  On  further  investigation 
it  was  found  that  Alcotex  72.5  is  able  to  remain  in  solution,  even  at  the  boiling  point  and 
high  solids  loading  by  simply  substituting  water  for  a  1  part  water  to  1  part  methanol 
mixture.  Compositions  3B,  7  and  9  were  successfully  prepared  in  a  1  part  water  to  1  part 
methanol  mixture,  whereas  compositions  6  and  8  were  manufactured  using  binders  dissolved 
in  a  mixture  of  2  parts  water  to  1  part  methanol.  The  best  results  were  achieved  by 
dissolving  the  polymer  in  water  prior  to  adding  the  methanol  and  plasticiser.  On  heating  and 
stirring  the  composition  the  alcohol/water  mixture  readily  evaporated  in  a  forced  air  draught. 
The  Cariflex  based  compositions  were  similarly  produced.  The  polymeric  binder  and 
plasticiser  as  required  were  dissolved  in  cyclohexane  prior  to  the  addition  of  HMX.  The 
formulations  are  presented  in  tables  1  and  2. 

PRESSING  OF  PBXs  INTO  PELLETS 

The  compositions  were  pressed  at  82°C  as  small  cylindrical  (2.5g  /  13mm  diameter  /  10- 
1 1mm  length)  pellets  to  a  pressure  of  15  tons  in'^  (2.4  tonnes  cm'^  /  225MPa),  with  a  dwell 
time  of  30  seconds.  Compositions  based  on  the  water  soluble  binders  were  also  pressed  as 
small  (1.8g/4.5mm  thick)  pellets  at  10  tons  in"^  (150  MPa  / 1.6  tonnes  cm'^).  Each  pellet  was 
placed  in  approximately  20cm^  of  water  for  the  dissolution  process  to  take  place.  Material 
extracted  in  this  manner  was  examined  using  SEM  (see  figures  6-9).  Compositions  10  and 
14,  based  on  HMX  and  Cariflex  were  similarly  treated,  by  dissolution  in  cyclohexane.  HMX 
recovered  from  compositions  1-5,  on  washing  with  further  water  and  drying,  were  subjected 
to  impact  testing.  The  results  are  presented  in  table  5. 

IMPACT  TESTING 

Impact  testing  of  PBX  moulding  powders  (unpressed)  was  carried  out  at  DRA  Fort  Halstead 
using  the  Rotter  Impact  Tester,  according  to  the  S.C.C.  Manual  of  Tests  ^  This  test  is  also 
described  in  the  UN  ‘Orange  Book’  Recommendations  on  the  Transportation  of  Dangerous 
Goods  -  Tests  and  Criteria^.  The  greater  the  value  of  the  F  of  I  for  each  composition  the 
more  insensitive  it  is  to  impact.  A  brief  description  of  impact  sensitiveness  is  given  in  the 
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paper  by  Leach  et  al  and  a  summary  of  the  results  are  shown  in  tables  3  and  4.  The  F  of  I 
for  each  PBX  plotted  against  percentage  plasticiser  is  given  in  figure  3. 

COMPRESSIVE  TESTING  OF  PBX  PELLETS 

Cylindrical  pellets  pressed  from  compositions  1-18  were  tested  in  compression  mode  using 
an  Instron  4206  Universal  Test  Machine  incorporating  the  Series  IX  Automated  Materials 
Testing  System,  All  work  was  carried  out  in  a  humidity  and  temperature  controlled 
environment  (23°C  /  50%RH).  The  results  are  presented  in  tables  3  and  4. 
Load/Displacement  curves  for  composition  1  (brittle  binder)  and  Composition  11 
(thermoplastic  elastomer)  are  given  in  figures  1  and  2, 

MICRO-MECHANICAL  FAILURE  OF  HMX 

HMX  recovered  from  PBXs  was  examined  using  a  Joel  JSM-840A  Scanning  Electron 
Microscope^  Each  composition  examined  consisted  of  95%  HMX  Type  B  and  5%  water 
soluble  polymeric  binder.  Dissolution  of  the  polymer  in  water  permitted  HMX  particulates 
to  be  recovered  from  pressed  and  unpressed  PBXs.  On  examination,  a  number  of  fractured 
particulates  were  located.  HMX  was  also  recovered  from  unpressed  PBXs  consisting  of  95% 
HMX  and  5  %  unplasticised  SBS  thermoplastic  elastomer  block  copolymer  by  dissolution  with 
cyclohexane.  Contact  time  with  the  solvent  was  kept  to  a  minimum  and  comparisons  were 
made  to  similarly  treated  uncoated  HMX.  Fractured  particulates  were  found.  No  micro¬ 
cracking  was  detected  in  the  uncoated  HMX. 

DISCUSSION  AND  CONCLUSIONS 

The  mechanical  properties  of  each  binder  for  example,  modulus  of  elasticity,  were  found  to 
depend  on  the  plasticiser  contents.  Unplasticised  polyvinyl  alcohols  were  found  to  be  hard 
and  brittle,  whereas  a  high  level  of  plasticiser  resulted  in  soft  and  flexible  binders^  The 
compressive  strength  (stress  at  maximum  load)  of  the  pressed  PBXs  and  the  impact  sensitivity 
of  each  (unpressed)  composition  appeared  in  most  cases  to  correspond  to  the  degree  of  binder 
plasticisation  (see  figures  4  and  5).  Particle  size  and  micro-mechanical  failure  (fracture)  of 
HMX  particulates  was  found  to  depend  on  the  mechanical  properties  of  the  binder,  although 
the  efficiency  of  a  particular  binder  at  wetting  and  coating  HMX  may  be  equally  important. 
These  microscopic  fractures  may  be  the  potential  sites  of  ignition  under  dynamic  load,  or  at 
least,  indicate  the  susceptibility  of  a  particular  composition  to  ignite  under  impact.  It  was 
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found  that  particulates  of  HMX  fractured  under  conditions  of  both  high  mechanical  load® 
(during  pressing),  and  minimum  load  conditions  (during  the  manufacture  of  PBXs). 
Considerable  surface  damage  was  noted  on  some  particulates  recovered  from  Cariflex  based 
compositions  (see  figure  8). 

Compositions  containing  unplasticised  binders,  in  particular,  those  based  on  thermoplastic 
elastomers  were  found  to  be  very  sensitive  to  impact,  usually  more  so  than  uncoated  HMX. 
PBXs  containing  plasticised  binders  were  found  to  be  relatively  insensitive  to  impact.  Work 
by  Leach  et  al®  has  shown  that  impact  sensitivity  for  a  series  of  plasticised  thermoplastic 
elastomer  PBXs  is  proportional  to  the  viscosity  of  the  plasticiser  if  the  ratio  of  HMX  to 
polymer  binder  to  plasticiser  remains  constant.  Figure  4  shows  that  the  compressive  strength 
for  PBXs  containing  Cariflex  based  binders,  is  proportional  to  the  degree  of  plasticisation. 

The  high  elasticity,  elongation  to  break  of  approximately  900%  combined  with  resistance  to 
viscous  flow  and  tensile  strength  in  excess  of  30  MPa  for  unplasticised  Cariflex  TR-1101 
could  result  in  sudden  releases  of  energy  under  conditions  of  high  dynamic  load  or  shearing 
forces.  According  to  current  thinking,  stress  concentrations  could  arise,  leading  to  the 
generation  of  hot  spots  within  the  polymer  matrix.  Hot  spots  may  also  occur  due  to  adiabatic 
compression  of  air  or  frictional  forces  within  the  cracks  of  individual  particulates.  The  rate 
of  crack  generation  may  be  proportional  to  velocity  and  magnitude  of  impact  combined  with 
the  mechanical,  physical  and  chemical  properties  of  the  binder. 

The  pressed  pellet  densities  of  each  composition  also  varied  according  to  the  level  of 
plasticisation.  With  the  Cariflex  based  binders,  pellet  densities  varied  from  1.71  g.cm'^  for 
composition  10  to  1.800  g.cm'^.  The  water  soluble  binders  produced  pellets  with  greater 
densities  and  varied  from  1.80  g.cm'^  for  composition  1  to  1.86  g.cm'^  for  composition  5. 
Composition  5  was  interesting  in  that  it  contained  nearly  98%  HMX  after  pressing  (2-3% 
PEG  200  was  squeezed  out  on  compaction),  yet  was  relatively  insensitive  to  impact  in 
powder  form.  The  compressive  strength  of  composition  5  as  pressed  pellets  was  also  found 
to  be  relatively  high. 
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Compo¬ 

sition 

HMX 

Alcotex 

72.5 

Mowiol 

GE4-86 

PEG 

200 

PEG 

300 

PEG 

400 

Glycerol 

No. 

Percentage  by  weight 

1 

95.00 

5.00 

- 

- 

- 

- 

- 

2 

95.00 

3.75 

- 

1.25 

- 

- 

- 

3 

2.50 

- 

2.50 

_ 

- 

- 

4 

95.00 

- 

3.75 

- 

- 

- 

5 

95.00 

- 

- 

5.00 

- 

- 

- 

6 

95.00 

2.50 

- 

- 

- 

- 

7 

- 

- 

- 

2.50 

- 

8 

95.00 

2.50 

- 

- 

- 

- 

2.50 

9 

95.00 

- 

2.50 

- 

- 

- 

Table  1:  PBX  Formulations  Based  on  HMX  and  Water  Soluble  Binders 
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Table  3:  Impact  Sensitivity  and  Mechanical  Properties  of  PBXs  Based  on  HMX 
and  Water  Soluble  Binders 
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Composition  No.  from  Percentage  plasticiser  Impact  test 

which  HMX  was  in  original  binder 

recovered  from  F  of  I 


1  0.0  48 


2  25.0  46 


3A  50.0  48 


75.0  48 


5  100  54 


HMX  unpressed  -  60 


Table  5:  Rotter  Impact  Results  for  HMX  Recovered  from  PBXs  Based  on  HMX 

Water  Soluble  Binders 
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Figure  3:  Impact  Sensitivity  of  PBXs  Versus  Binder  Composition 


- 1 - 1 - 1 - 1 - 1  I  I 

30  40  50  60  70  80  90  100 

F  of  I 

Figure  5:  Mean  Stress  at  Maximum  Load  for  Pressed  PBXs  versus  Impact  Sensitivity 
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Figure  8-  HMX  Recovered  From  Composition  10  (unpressed)  (SEM  X400)  - 
The  presence  of  a  tough  rubbery  binder  has  resulted  in  severe  surface  damage 


Figure 


9:  HMX  Recovered  From  Composition  14  (SEM  XSOO)  -  The  presence  of  a 
tough  rubbery  binder  has  resulted  in  a  severely  cracked  particle 
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ABSTRACT 

In  the  Federal  Republic  of  Germany  the  manufacture  of  pyrotechnics  is  subject  to 
the  safety  rules  of  the  Industrial  Injuries  Insurance  (Berufsgenossenschaft)  of  the 
chemical  industry.  The  safety  provisions  of  the  safety  rules  "Manufacture  of 
pyrotechnic  articles"  (VBG  55k)  are  based  on  the  classification  of  pyrotechnic 
compositions  and  pyrotechnic  articles.  Which  are  devided  in  five  hazard  groups. 

For  certain  application  it  is  neccesary  to  classify  pyrotechnics  in  accordance 
with  the  safety  rules  "Explosives  -  general  provisions"  (VBG  55a)  which  based 
on  the  same  principle  as  like  as  the  hazard  classification  for  transport  or  storage 
of  explosives. 

The  relations  between  both  hazard  classification  systems  are  discussed. 
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1.  Einleitung 

Die  Herstellung  pyrotechnischer  Mittel,  worunter  sowohl  solche  die  dem  Spreng- 
stoffrecht  unterliegenden  pyrotechnische  Satze  und  Gegenstande  als  auch  die 
dem  Waffenrecht  unterstellte  pyrotechnische  Munition  verstanden  wird,  ist  in  der 
Bundesrepublik  Deutschland  den  Unfallverhutungsvorschriften  der  Berufs- 
genossenschaft  der  chemischen  Industrie  unterworfen,  speziell  der  VBG  55k 
"Herstellen  pyrotechnischer  Gegenstande"  [1]. 

In  einer  Reihe  von  Anwendungsfallen  sind  aus  bestimmten  Grunden  bei  der 
Herstellung  pyrotechnischer  Gegenstande  nicht  die  Vorschriften  der  VBG  55k, 
sondern  die  der  Unfallverhutungsvorschrift  VBG  55a  "Explosivstoffe  und 
Gegenstande  mit  Explosivstoff  -  Allgemeine  Vorschrift"  [2]  anzuwenden. 

Die  VBG  55a  sieht  hingegen  eine  Gefahrgruppeneinteilung  vor,  die  sich  von  der 
VBG  55k  unterscheidet,  dafur  aber  den  Prinzipien  der  Lagergruppenzuordnung 
nach  dem  Sprengstoffgesetz  bzw.  der  gefahrgutrechtlichen  Zuordnung  von 
explosiven  Stoffen  und  Gegenstanden  zu  Unterklassen  der  Klasse  1  foigt. 

Im  weiteren  sollen  die  unterschiedlichen  Grundlagen  beider  Gefahr- 
klassifizierungen  diskutiert  und  dargestellt  warden,  in  welcher  Beziehung 
die  Gruppen  gemaB  VBG  55k  zu  denen  der  VBG  55a  stehen. 


2.  Gruppeneinteilung  gemali  VBG  55k 

Die  VBG  55k  "Herstellen  pyrotechnischer  Gegenstande"  teilt  sowohl 
pyrotechnische  Satze,  das  sind  die  explosionsgefahrliche  Inhaltstoffe  der 
pyrotechnischen  Mittel,  als  auch  pyrotechnische  Halberzeugnisse  und 
Gegenstande  in  jeweils  5  Gruppen  unterschiedlicher  Gefahrlichkeit  ein. 
Der  Begriff  "Gefahrlichkeit"  ist  im  Sinne  des  ubiichen  Risikobegriffs  zu 
verstehen,  also  die  Verknupfung  der  Eintrittswahrscheinlichkeit  eines 
unerwunschten  Ereignisses  (Empfindlichkeit,  Auslosbarkeit}  mit  dem  zu 
erwartenden  SchadensausmaH  (Abbrandverhatten,  Wirkung). 

Aus  der  Zuordnung  zu  diesen  Gruppen  ergeben  sich  die  in  Herstellungs- 
raumen  bzw.  -gebauden  zulassigen  Satzmassen  und  Personenzahlen  fur 
die  verschiedenen  Fertigungsschritte  vom  Mischen  der  Satze  bis  zum 
Verpacken  der  fertigen  Gegenstande. 
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Charakterisiert  sind  die  Satze  der  verschiedenen  Gruppen  durch  ihr 
Abbrandverhalten  sowie  ihre  mechanische  oder  thermische  Empfindlichkeit. 
Die  Tabelle  1  beinhaltet  eine  tabellarische  Zusammenstellung  der  verbalen 
Charakterisierungen  fur  das  Abbrandverhalten  und  die  Empfindlichkeit  der 
Satze,  die  in  den  Gruppenbeschreibungen  Verwendung  finden. 


3.  Gefahrgruppen  gemall  VBG  55a 

Nach  der  Unfallverhutungsvorschrift  VBG  55a  warden  Explosivstoffe  und 
Gegenstande  mit  Explosivstoff  in  4  Gefahrgruppen  eingeteilt.  Die  Definitionen 
dieser  Gefahrgruppen  stimmen  mit  denen,  die  fur  die  Bestimmung  der 
Lagergruppen  gemalS  Zweiter  Verordnung  zum  Sprengstoffgesetz  (2.  SprengV) 
bzw.  fur  Unterklassen  der  Klasse  1  der  gefahrgutrechtlichen  Zuordnung 
Verwendung  finden,  uberein. 

Die  Gefahrgruppen  warden  in  der  Neufassung  der  VBG  55a  [3]  wie  foigt 
charakterisiert: 

Gefahrgruppe  1.1 

Die  Explosivstoffe  dieser  Gefahrgruppe  konnen  in  der  Masse  explodieren.  Die 
Umgebung  ist  durch  Druckwirkung  (StoBwellen),  durch  Flammen  und  durch 
Sprang-  oder  Wurfstucke  gefahrdet. 

Gefahrgruppe  1.2 

Die  Explosivstoffe  dieser  Gefahrgruppen  explodieren  nicht  in  der  Masse. 
Gegenstande  explodieren  bei  einem  Brand  zunachst  einzeln.  Im  Verlauf 
des  Brandes  nimmt  die  Zahl  der  gleichzeitig  explodierenden  Gegenstande 
zu.  Die  mittelbare  Umgebung  ist  durch  Druckwirkung  (StoRwelle),  die 
weitere  Umgebung  ist  durch  Sprengstucke  und  durch  Flugfeuer  gefahrdet. 

Gefahrgruppe  1.3 

Die  Explosivstoffe  dieser  Gefahrgruppen  explodieren  nicht  in  der  Masse.  Sie 
brennen  sehr  heftig  und  unter  starker  Warmeentwicklung  ab,  der  Brand  breitet 
sich  rasch  aus.  Die  Umgebung  ist  hauptsachlich  durch  Flammen,  Warmestrahlung 


Tabgllg  1,  Verbal e  Charakterisierung  fur  das  Abbrandverhalten  und  die  Empf indlichkeit 
pyrotechnischer  Satze  entsprechend  der  Gruppeneinteilung  der  Unf allverhiitungsvorschrif t  VBG  55k 
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und  Flugfeuer  gefahrdet.  Im  allgemeinen  ist  mit  Druckwirkung  (Stol^wellen) 
nicht  zu  rechnen. 

Gefahrgruppe  1.4 

Die  Explosivstoffe  dieser  Gefahrgruppen  stellen  keine  bedeutsame  Gefahr  dar. 
Sie  brennen  ab,  einzelne  Gegenstande  konnen  auch  explodieren. 

Die  Auswirkungen  sind  weitgehend  auf  das  Packstuck  Oder  den  Arbeitsplatz 
beschrankt.  Sprengstucke  gefahrlicher  GrofSe  und  Flugweite  entstehen  nicht. 

Ein  Brand  ruft  keine  Explosion  des  gesamten  Inhaltes  einer  Packung  oder  der 
Menge  von  Explosivstoff  am  Arbeitsplatz  hervor. 

Wahrend  die  Gruppeneinteilung  nach  der  VBG  55k  sowohl  die  Empfindlichkeit 
als  auch  die  Wirkung  berucksichtigt,  werden  die  Gefahrgruppen  der  VBG  55a 
ausschliefSIich  aus  der  Wirkung  heraus  definiert.  Die  Empfindlichkeit  geht 
lediglich  uber  die  Fahigkeit  zur  Weiterleitung  der  eingeleiteten  Reaktion,  z.  B. 
bei  der  Massenexplosion,  impliziert  ein. 

Zum  Zeitpunkt  der  Erarbeitung  dieses  Manuskriptes  war  noch  die  unter  [2] 
zitierte  VBG  55a  gultig.  Es  ist  aber  vorgesehen,  zum  01 .04.1  995  die 
uberarbeitete  Fassung  der  VBG  55a  "Explosivstoffe  -  Allgemeine  Vorschrift"  [3] 
in  Kraft  zu  setzen.  Diese  enthalt  u.  a.  hinsichtlich  der  Ermittiung  der  Gefahr¬ 
gruppen  wesentlich  veranderte  Bestimmungen.  In  der  "alten"  VBG  55a  [2] 
waren  die  Eigenschaften  der  Stoffe  und  Gegenstande,  insbesondere  ihr 
Verhalten  in  der  Versandpackung  bei  einem  Brand,  einer  Deflagration  oder 
Detonation  und  den  sich  daraus  ergebenden  Gefahren,  fur  die  Einteilung  in 
Gefahrgruppen  malSgebend.  GemaB  der  "neuen"  VBG  55a  [3]  sind  fur  die 

Festlegung  der  Gefahrgruppen  " . die  Wirkungen  der  Explosivstoffe  bei 

der  Auslosung  durch  die  moglichen  Beanspruchungen  in  den  jeweiligen 
Arbeitsgangen"  zu  bestimmen.  Es  wird  weiterhin  gesagt,  dafS  die  nach  der 
2.  SprengV  bestimmten  Lagergruppen  nur  dann  als  Gefahrgruppen  ubernommen 
werden  konnen,  wenn  denkbare  ungewollte  Reaktionen  aufgrund  moglicher 
Beanspruchungen  wahrend  der  Arbeitsgange  nicht  anders  sind,  als  die  fur  die 
Ermittiung  der  Lagergruppen  angenommenen. 

Durch  dieses  geanderte  Verfahren  der  Zuordnung  der  Explosivstoffe  zu  Gefahr¬ 
gruppen  soli  erreicht  werden,  dalS  ausgehend  von  den  Stoffeigenschaften,  den 
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Darstellungen  sind  die  Subdiagramme  fur  die  Satzgruppen  1  bis  5  von  links 
nach  rechts  abnehmender  Gefahrlichkeit  entsprechend  angeordnet.  Innerhaib 
der  Subdiagramme  gilt  dies  in  gleicher  Weise  fur  die  in  Klassen  eingeteilten 
Prufergebnisse.  Daraus  resultiert  fur  alle  diese  Darstellungen  eine  mehr  Oder 
minder  ahniiche  Struktur,  die  sehr  deutlich  im  Bild  1  fur  den  Koenen-Test  zu 
erkennen  ist:  etwa  80  %  der  Gruppe-1 -Satze  befinden  sich  in  der  Ergebnisklasse, 
die  der  hochsten  Gefahrlichkeit  entspricht  (linke  Saule),  und  etwa  90  %  der 
Gruppe-5-Satze  sind  eingekehrt  in  einer  Ergebnisklasse,  in  der  die  untersuchte 
Eigenschaft  als  ungefahrlich  anzusehen  ist  (recht  Saule). 


Haufigkeit  in  % 


Bild  1:  Verteilung  der  Grenzdurchmesser  beim  Koenen-Test  innerhaib  der 
Satzgruppe  der  VBG  55k 

Die  Gruppe-3-Satze  zeigen  eher  eine  Gleichverteilung  mit  einem  schwachen 
Haufigkeitsmaximum  bei  mittleren  Grenzdurchmessern. 

Die  Fahigkeit  mit  Oder  ohne  EinschluS  zu  explodieren  kann  am  besten  durch  den 
Grenzdurchmesser  beschrieben  werden  (vgl.  Tabelle  1).  Typische  Grenzdurch¬ 
messer  fur  Gruppe-1 -Satze  und  Gruppe-5-Satze  sind  >  20  mm  und  <  1  mm. 
Verglichen  mit  den  verbalen  Charakterisierung  bedeutet  dies,  dalS  pyrotechnische 
Satze  mit  Grenzdurchmesser  >  20  mm  bereits  ohne  Verdammung  in  kleiner 
Menge  explodieren  konnen. 
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Die  verbalen  Charakterisierung  der  Satzgruppen  nennen  einerseits  die  Gefahrdung 
der  Umgebung  durch  Druck-  und  Flammenwirkungen  {Gruppe  1  und  2)  und 
andererseits  durch  im  wesentlichen  thermische  Wirkungen  (Gruppe  3  und  4), 
wobei  keine  Aussage  uber  die  zu  berucksichtigenden  Mengen  getroffen  werden. 
Aufgrund  der  Verteilung  des  Verhaltens  pyrotechnischer  Satze  in  Stahlrohren 
innerhalb  der  verschiedenen  Satzgruppen  (Bild  2) 


Haufigkeit  in  % 


Bild  2:  Verteilung  der  Verhaltensweise  gegeniiber  Detonationsstoli  im  Stahlrohr  innerhalb  der 
Satzgruppen  der  VBG  55k 

kann  davon  ausgegangen  werden,  dalS  auch  relativ  kleine  Satzmengen,  d.  h. 
Mengen,  die  ubiicherweise  in  Arbeitsraumen  vorhanden  sind  und  nicht  unbedingt 
unter  Sicherheit  gehandhabt  werden,  dann  zu  gefahrlichen  Druckwirkungen 
fuhren  konnen,  wenn  sie  im  1  "-Stahlrohr  eine  positive  Reaktion,  d.  h. 
Weiterleitung  Oder  teilweise  Weiterleitung  zeigen. 

Fur  die  Beziehung  der  Gruppen  gemal2>  VBG  55k  zu  den  Gefahrgruppen  der 
VBG  55a  im  Ergebnis  obiger  Darlegungen,  d.  h.  sowohl  nach  den  verbalen 
Beschreibungen  der  Satzgruppe  als  auch  nach  den  gezeigten  experimentellen 
Daten,  mulS  zunachst  davon  ausgegangen  werden,  daB  die  Gruppen  1 , 2  und 
3  der  Gefahrklasse  1.1,  die  Gruppen  4  bzw.  5  den  Gefahrgruppen  1.3  bzw. 

1 .4  zuzuordnen  sind. 
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Die  in  Bild  1  und  2  dargestellten  Untersuchungsergebnisse  fur  die  Gruppe  2 
zeigen  aber  auch  Merkmale,  die  auf  eine  mogliche  Zugehorigkeit  zur 
Gefahrgruppe  1.3  hinweisen. 

Eine  Entscheidung  daruber,  ob  ein  Zuordnung  zur  Gefahrgruppe  1.3 
vorgenommen  werden  kann,  ist  im  Rahmen  (praxisnaher)  Untersuchungen,  wie 
sie  ublicherweise  zur  Ermittlung  der  Gefahrgruppen  nach  der  VBG  55a 
durchgefuhrt  werden,  zu  erbringen. 

Fur  derartige  Untersuchungen  mussen  die  tatsachlichen  Bedingungen  an  den 
jeweiligen  Arbeitsplatzen  hinsichtlich  der  Mengen,  des  Einschlusses,  der 
Auslosemoglichkeiten  usw.  zugrunde  gelegt  werden.  Neben  der  Ermittlung  der 
Gefahrgruppe  bieten  diese  Untersuchungen  gleichzeitig  die  Moglichkeit  die 
Wirksamkeit  eventuell  vorgesehener  Schutzeinrichtungen  zu  uberprufen. 
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MODELING  THERMAL/CHEMICAL/MECHANICAL  RESPONSE  OF  ENERGETIC 

MATERIALS 


M.  R.  Baer,  M.  L.  Hobbs,  R.  J.  Gross,  D.  K.  Gartling  and  R.  E.  Hogan 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87185  USA* 


ABSTRACT 

An  overview  of  modeling  at  Sandia  National  Laboratories  is  presented  which  describes 
coupled  thermal,  chemical  and  mechanical  response  of  energetic  materials.  This  modeling 
addresses  cookoff  scenarios  for  safety  assessment  studies  in  systems  containing  energetic  materi¬ 
als.  Foundation  work  is  discussed  which  establishes  a  method  for  incorporating  chemistry  and 
mechanics  into  multidimensional  analysis.  Finite  element  analysis  offers  the  capabilities  to  simul¬ 
taneously  resolve  reactive  heat  transfer  and  structural  mechanics  in  complex  geometries.  Nonlin¬ 
ear  conduction  heat  transfer,  with  multiple  step  finite-rate  chemistry,  is  resolved  using  a  thermal 
finite  element  code.  Rate  equations  are  solved  element-by-element  using  a  modified  matrix-free 
stiff  solver.  This  finite  element  software  was  developed  for  the  simulation  of  systems  requiring 
large  number  of  finite  elements.  An  iterative  implicit  scheme,  based  on  the  conjugate  gradient 
method,  is  used  and  a  hemi-cube  algorithm  is  employed  for  the  determination  of  view  factors  in 
surface-to-surface  radiation  transfer. 

The  critical  link  between  the  reactive  heat  transfer  and  mechanics  is  the  introduction  of  an 
appropriate  constitutive  material  model  providing  a  stress-strain  relationship  for  quasi-static 
mechanics  analysis.  This  model  is  formally  derived  from  bubble  nucleation  theory  and  parameter 
variations  of  critical  model  parameters  indicates  that  a  small  degree  of  decomposition  leads  to 
significant  mechanical  response.  Coupled  thermal/chemical/mechanical  analysis  is  presented 
which  simulates  experiments  designed  to  probe  cookoff  thermal-mechanical  response  of  energetic 
materials. 

INTRODUCTION 

It  is  well  accepted  that  the  response  of  energetic  materials  subjected  to  abnormal  thermal 
environments  involves  a  variety  of  thermal,  chemical  and  mechanical  processes.  Prior  work  has 
centered  on  the  onset  of  runaway  reaction  based  only  on  thermal-chemical  effects  with  little 
regard  to  mechanical  behavior  of  the  energetic  material  or  the  pressurization  induced  during 
decomposition.  Recent  studies  have  suggested  that  a  small  degree  of  decomposition  leads  to  sig¬ 
nificant  pressure  buildup  in  confined  systems^  Traditional  cookoff  modeling,  such  as  that  of  Zinn 
and  Rogers^,  estimate  pressurization  effects  using  a  gaseous  equation  of  state  without  any  consid¬ 
erations  of  material  distortion  or  strain  of  the  energetic  material.  This  modeling  approach  only 
provides  leading  order  effects  for  fast  cookoff  and  is  incorrect  for  slow  cookoff  conditions.  Such 
analyses  are  strictly  limited  to  thermal  runaway  and  do  not  correctly  address  the  complex  issues 
related  to  mechanical  response. 


•This  work  performed  at  Sandia  National  Laboratories  supported  by  the  U.S.  Department  of  Energy  under  contract  DE-AC04-94AL85000 
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In  this  study,  a  new  approach  in  cookoff  modeling  is  explored  which  couples  thermal, 
chemical  and  mechanical  behavior.  Modem  finite  element  analysis  can  be  used  to  solve  problems 
having  a  large  number  of  elements  while  also  including  complex  physical  models  necessary  to 
assess  the  onset  and  violence  of  reaction  of  energetic  materials.  Complex  geometry,  multiple 
boundary  conditions,  sliding  surfaces/gaps,  material  strength,  and  material  deformation  are 
aspects  of  simulations  that  must  be  considered  in  finite  element  analysis  needed  to  resolve  ener¬ 
getic  material  response  in  real  systems. 

Much  prior  finite  element  analysis  has  been  decoupled,  i.e.  the  stress  field  is  resolved  as  a 
separate  calculation  for  a  specified  thermal  state.  However,  fully-coupled  multidimensional  ther¬ 
mal/chemical/mechanical  analysis  capability  is  currently  available  which  builds  upon  state-of- 
the-art  software  for  mesh  generation,  input/output,  visualization,  and  shared  databases.  A  driver 
analysis  package,  TREX3D,  under  development  at  Sandia  National  Laboratories,  updates  coupled 
thermal/chemical  and  mechanical  analysis  in  a  time  step  to  time  step  consistent  manner  whereby 
material  and  meshing  is  revised  with  properties  and  boundary  conditions  resulting  from  coupled 
response. 

In  the  sections  to  follow,  brief  descriptions  of  the  finite  element  solvers  are  discussed  and 
the  reactive  mechanics  material  model  is  reviewed.  Demonstrative  calculations  of  coupled 
response  are  then  presented  which  illustrates  the  importance  of  coupling  mechanical  response  to 
reactive  heat  transfer.  Multidimensional  simulations  of  small-scale  cookoff  experiments  are  also 
shown  representing  capabilities  for  better  linking  modeling  with  experimentation. 


THEORETICAL/NUMERICAL  DESCRIPTIONS  OF  MODELING 


TREX3D  is  the  analysis  software  which  links  reactive  heat  transfer  with  mechanics.  This 
next  generation  finite  element  software  is  an  extension  of  a  coupled  thermal/chemical/mechanical 
solver  for  one-dimensional  geometries  -TREXID  which  consisted  of  a  thermal/chemistry  solver, 
XCHEM,^and  a  quasi-static  mechanics  finite  element  code,  SANTOS^.  In  multidimensions,  the 
thermal/chemical  finite  element  solver  is  COYOTE  11^  and  the  quasi-static  finite  element  code 
JAS^.  TREX3D  uses  an  operator  splitting  technique  whereby  thermal/chemical  fields  are 
advanced  using  a  fixed  mechanics  field;  then  mechanics  is  advanced  over  the  same  time  interval 
using  the  updated  thermal/chemical  fields.  This  technique  provides  for  a  rapid  solution  since  the 
mechanical  solver  is  inactive  during  the  small  time  steps  required  by  the  thermal/chemistry 
solver. 


In  the  one-dimensional  method-of-lines  solver,  thermal  chemistry  is  resolved  using  a  high 
resolution  stiff  solver  enhanced  with  adaptive  gridding.  Mesh  interpolation  is  required  to  com¬ 
municate  the  temperature  and  reacted  fraction  from  the  thermal  chemistry  code  to  the  quasi-static 
mechanics  code.  However,  in  the  multidimensional  finite  element  solver,  common  mesh  and  ele¬ 
ment  basis  functions  and  database  structures  are  used  which  simplifies  communication  between 
the  solvers. 

The  reactive  material  model,  discussed  later,  uses  temperature  and  species  information  as 
input  from  the  thermal  solver  and  a  stress-strain  history  is  resolved.  The  effects  of  material  strain 
are  manifested  in  the  heat  transfer  finite  element  analysis  through  a  distorted  mesh.  Gaps  can  form 
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between  material  interfaces  and  thermal  contact  resistance  changes  heat  transfer  paths.  Stress  is 
communicated  back  from  the  mechanics  solver  to  the  chemical  kinetics  routines  as  mixture  pres¬ 
sure  allowing  pressure- dependent  combustion  mechanisms.  Predicted  spatial  history  variables 
include  temperature,  chemical  species,  principle  stress,  engineering  strain,  solid/gas  pressure, 
solid/gas  density,  local  yield  stress,  and  gas  volume  fraction.  The  specific  surface  area  of  the  ther¬ 
mally-damaged  energetic  material  is  then  estimated  from  calculated  volume  fractions  given  initial 
state  information  of  nucleation  density  and  defect  size. 

Reactive  heat  transfer  in  one-dimension  -  The  eXplosive  CHEMical  kinetics  code, 
XCHEM^  was  developed  to  solve  the  reactive  diffusion  equations  associated  with  thermal  igni¬ 
tion  of  energetic  materials.  This  method-of-lines  code  uses  a  stiff  numerical  method  and  adaptive 
meshing  to  resolve  relevant  combustion  physics.  Solution  accuracy  is  maintained  between  multi¬ 
layered  materials  consisting  of  blends  of  reactive  components  and/or  inert  materials.  Phase 
change  and  variable  properties  are  included  in  multi-layer  one- dimensional  slab,  cylindrical,  and 
spherical  geometries.  Temperature-dependent  thermal  properties  are  incorporated  and  the  modifi¬ 
cation  of  thermal  conductivities  to  include  decomposition  effects  are  estimated  using  solid/gas 
volume  fractions  determined  by  species  fractions.  Gas  transport  properties,  including  high-pres¬ 
sure  corrections,  are  also  considered.  Time-varying  temperature,  heat  flux,  convective  and  ther¬ 
mal  radiation  boundary  conditions,  and  layer-to-layer  contact  resistances  are  implemented. 

Nonlinear  heat  conduction  with  differential  reaction  sources  is  the  basis  for  the  thermal- 
chemistry  solvers.  Multiple  step  chemistry  is  modeled  upon  consideration  of  a  mechanism 
expressed  as: 

I  I 

X '''.7^ ^ E .  j  =  v-j 

1=1  i=i 

%{■  denotes  the  chemical  symbol  for  the  i*  species,  and  v.j  represents  a  stoichiometric  coefficient 
for  the  i*  species  in  the  reaction  step.  Reactive  heat  transfer  is  described  by  the  conduction 
equation  given  as 


where 


and 


i  =  ly  =  1 

/ 

rj  =  Thjexp(-E/RT)  ,  j  =  1,  ...J 

i=  1 

J 

dN/dt  =  y  v-r-  ,  1  =  1,.,./ 

I  ^  tj  J  ’ 

;=1 


(1) 


.  (2) 


For  the  sake  of  brevity,  details  of  the  XCHEM  code  are  not  discussed  here  and  the  interested 
reader  is  encouraged  to  review  reference  3  for  complete  documentation  of  the  numerical  method 
and  its  implementation. 
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Multidimensional  reactive  heat  transfer  -  For  higher  dimensional  problems,  a  finite  element 
solution  of  reactive  heat  transfer  is  preferred  using  COYOTE  II^.  COYOTE  II  employs  an  exten¬ 
sive  element  library  including  triangles,  quadrilaterals,  hexahedrons,  prisms,  tetrahedrons,  bars, 
and  shells.  Several  general  purpose  mesh  generation  programs  for  finite  element  analysis  have 
been  developed  at  Sandia  National  Laboratories  to  provide  mesh  connectivity,  material  pointers 
and  boundary  condition  specifications  compatible  with  COYOTE  II.  For  example,  FASTQ^  is  an 
interactive  two-dimensional  automatic  mesh  generation  program  which  includes  a  paving  algo¬ 
rithm.  Paving  provides  an  optimized  element  mesh  by  layering  elements  along  boundaries  toward 
the  interior  of  a  region  and  then  seams  and  smoothly  joins  them.  Three-dimensional  finite  element 
meshes  are  created  by  mapping  {i.e.  translating  or  rotating  surfaces)  using  the  program  GEN3D^ 
Other  meshing  programs  include  GJOIN^  which  merges  separate  meshed  regions  into  a  single 
domain,  and  GREPOS^^  which  repositions  a  finite  element  mesh  by  translating,  rotating,  or 
exploding  two-dimensional  or  three-dimensional  meshes. 

Having  established  a  discrete  element  mesh,  a  set  of  finite  element  basis  functions 
is  defined  for  each  element  which  are  a  funetional  representation  of  the  independent  variables. 
COYOTE  II  allows  linear  or  quadratic  basis  functions.  Equation  (1)  is  approximated  as  a  residual, 
i.e.  all  terms  are  collected  on  one  side,  multiplied  by  an  appropriate  weighting  basis  function,  and 
integrated  over  the  entire  domain.  The  resulting  Galerkin  approximation  yields  a  set  of  nonlinear 
equations  given  in  matrix  form  as: 

M{T)f  +  K{T)T  =  Fq{T,N)  (3) 

where  M  {T)  is  the  mass  matrix,  K{T)  is  the  stiffness  matrix  and  Fq  is  the  forcing  function 
vector.  Information  concerning  chemistry  variables  are  contained  in  the  forcing  vector  at  the 
Gauss  quadrature  integration  points.  Rate  equations  for  the  chemistry  variables  are  defined  at 
these  locations  (in  contrast  to  nodes)  to  avoid  ambiguities  associated  with  elements  adjoining 
material  interfaces. 

The  time  derivatives  in  Equations  (3)  are  discretized  in  COYOTE  II  using  one  of 
several  user-specified  numerical  options  including:  first  order  backward  Euler,  a  second  order 
trapezoidal  method,  or  a  first  order  explicit  method.  The  resulting  discretized  equations  are  then 
linearized  using  a  Picard  method  or  a  Newton  method,  producing  a  set  of  linear  first  order  equa¬ 
tions  of  the  form.  Ax  =  b  ,  where  A  is  the  Jacobian  matrix,  x  is  the  unknown  vector  representing 
nodal  temperature,  and  b  is  the  residual  vector. 

Chemical  reaction  is  introduced  through  the  forcing  vector.  An  operator-splitting 
method  is  used  which  first  advances  the  temperature  in  time  with  all  chemistry  variables  remain¬ 
ing  unchanged.  Then,  the  second  operator  fixes  the  temperature  field  and  the  species  rate  equa¬ 
tions  are  advanced  in  time  using  a  modification  of  CHEMEQ^\  which  is  a  matrix-free  hybrid  stiff 
solver.  Following  the  second  operator,  the  endothermic  and/or  exothermic  heat  sources  are  re¬ 
evaluated  as  input  for  the  next  time  step.  Adaptive  time  stepping  is  based  on  time  scales  relevant 
for  both  the  heat  transfer  and  the  chemistry^^.  Because  the  solver  for  the  chemistry  does  not  use 
Jacobian  evaluation  requiring  a  large  start-up  overhead,  the  system  of  reaction  equations  are  effi¬ 
ciently  solved  element-by-element  at  Gauss  integration  points. 
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A  unique  capability  of  COYOTE  II  is  the  means  to  determine  view  factors  for 
large  problems  involving  surface-to-surface  radiation  heat  transfer.  Thermal  radiation  from  a  fire 
source  is  an  example  of  an  abnormal  thermal  environment  for  surety  and  weapon  safety  analyses. 
The  code,  CHAPARRAL^^,  uses  either  a  hemi-cube  algorithm^"^  or  FACET^^,  which  has  been 
made  into  a  subroutine  library,  to  compute  view  factors.  For  large  three-dimensional  problems, 
the  hemi-cube  algorithm  has  been  shown  to  be  a  computationally  superior  method  for  radiation 
heat  transfer  analysis. 

Although  the  assembly  of  the  set  of  linear  equations  is  computationally  expensive, 
a  large  fraction  of  computation  time  is  spent  in  obtaining  the  solution  of  Ax  =  h.  The  inverse  of 
the  Jacobian  matrix  directly  determines  the  solution  vector,  and  thus,  direct  matrix  methods  have 
been  traditionally  used  in  finite  element  analysis.  Unfortunately,  direct  methods  become  prohibi¬ 
tively  expensive  in  terms  of  both  CPU  time  and  computer  memory,  especially  in  multidimen¬ 
sional  simulations  requiring  many  elements.  In  COYOTE  II,  the  direct  matrix  solvers  have  been 
replaced  by  iterative  methods  using  the  conjugate  gradient  approach^^.  This  substantially 
improves  the  performance  of  the  code  with  no  compromise  in  accuracy.  Conjugate  gradient  algo¬ 
rithms  are  among  the  most  robust  and  fastest  methods  currently  available.  Further,  these  methods 
require  far  less  memory  than  direct  methods.  Because  finite  element  simulations  in  three-dimen¬ 
sional  routinely  require  50,000  or  more  elements,  this  is  a  critical  feature  of  analysis. 

Multidimensional  mechanics  -  Quasi-static,  large  deformation,  nonlinear  mechani¬ 
cal  response  of  inert  and  reactive  materials  is  resolved  using  finite  element  solvers,  SANTOS'^  and 
JAS^.  Elastic-plastic  and  creep  behavior  are  included  as  finite  strain  constitutive  material  models. 
Thermal  expansion  can  be  simulated  for  reactive  materials.  Quasi-steady  solution  of  the  mechan¬ 
ics  is  obtained  using  a  self-adaptive  dynamic  relaxation  scheme  based  on  explicit  central  differ¬ 
ence  pseudo-time  integration  and  artificial  damping.  Gap  formation  is  implemented  in  the  finite 
element  solution  using  a  master-slave  algorithm  for  sliding  interfaces.  In  applying  the  mechanics 
operator,  mechanical  energy  is  preserved  consistent  with  mass  conservation  constraints.  The 
energy  equation  states  that  the  variation  of  total  internal  energy  equals  the  sum  of  the  surface 
work  and  the  work  by  body  forces: 


Vi  'U 


where  t  is  the  surface  traction,  p  is  the  material  density,  e  is  the  material  internal  energy,  and 
is  material  deformation  along  direction  k.  Variations  are  denoted  by  6  and  the  integration 
spaces  correspond  to  finite  element  surfaces,  S  and  volumes,  1/!  All  variations  are  subject  to  con¬ 
servation  of  mass:  bJpJv  =  0. 

Commonly  used  stress-strain  relationships  are  elastic-plastic,  viscoelastic,  and 
elastic-plastic  power  law  hardening  materials  as  described  in  Reference  18.  Total  energy  conser¬ 
vation  over  a  time  interval  is  enforced  with  the  sequential  solution  of  the  equations  (1)  and  (4). 
The  thermal/chemical  energy  equation  is  first  resolved  assuming  that  the  mechanics  field  is 
unchanged,  and  thereafter  mechanical  energy  contributions  are  incorporated  assuming  frozen 
thermal  and  chemical  fields.  Thus,  on  a  time  step  to  time  step  basis,  all  thermal,  chemical  and 
mechanical  effects  are  included  as  a  fully  coupled  model.  In  the  present  work,  the  elastic-plastic 
constitutive  model  is  used  for  inert  structural  materials.  This  model  uses  standard  von  Mises  yield 
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with  kinematic  and  isotropic  hardening.  To  describe  the  mechanical  behavior  of  decomposing 
energetic  materials  a  new  algebraic  stress-strain  constitutive  law  has  been  developed  for  deter¬ 
mined  temperature  and  species  fields. 


REACTIVE,  ELASTIC-PLASTIC  CONSTITUTIVE  MODEL 


Recovery  tests  of  thermally-degraded  TATB  (2,4,6-trinitro-l,3,5-benzenetriamine) 
show  clear  evidence  of  macroscale  pore  formation.^  In  these  tests,  pressed  samples  are  confined 
with  0-rings,  heated  5  K/minute  to  523  K,  and  held  at  523  K  for  1  hour  until  confinement  is 
breached  at  -100  atm.  In  typical  tests,  the  total  mass  loss  is  estimated  to  be  -5%  which  confirms 
that  a  small  degree  of  decomposition  leads  to  significant  mechanical  response.  Thermal  decompo¬ 
sition  of  energetic  materials  produces  gaseous  products  which  accumulate  at  defects  or  nucleation 
sites  and  contribute  to  local  pressurization.  This  physical  observation  has  motivated  the  develop¬ 
ment  of  a  new  constitutive  model  based  on  bubble  nucleation  theory. 

A  complete  derivation  of  this  model  is  not  presented  here  and  only  the  salient  fea¬ 
tures  are  discussed.  The  interested  reader  can  find  the  details  in  reference  19.  The  conceptual 
model  considers  a  region  of  space  or  element  filled  with  a  collection  of  defects  which  act  as  nucle¬ 
ation  sites.  For  simplicity,  spherical  inclusions  are  assumed  and  the  ensemble  of  defects  is  consid¬ 
ered  in  a  unit  cell  with  a  uniformly-distributed,  statistically-average  size.  Volume  fraction  is 
directly  related  to  the  geometric  variables  and  the  nucleation  density.  Similarly,  the  specific  sur¬ 
face  area  of  the  thermally  degraded  material  is  derived  from  these  internal  state  variables. 

The  micromechanical  model  is  described  by  the  six  algebraic  equations  1)  the 
conservation  of  gas  mass;  2)  the  conservation  of  total  mass;  3)  the  gas-phase  equation  of  state 
(EOS);  4)  the  condensed-phase  EOS;  5)  the  force  balance  between  gas  pressure,  solid  pressure, 
and  yield  stress  of  the  skeleton  solid;  and  6)  the  mixture  pressure.  For  the  unit  cell,  a  uniform  ther¬ 
mal  state  is  considered  and  the  decomposition  products  are  equally  distributed  to  all  of  the 
defects.  Hence,  the  micromechanical  model  requires  input  of  temperature  (T)  and  the  reacted  gas 
fraction  (F)  as  determined  by  reactive  heat  transfer  analysis.  Given  T  and  F,  the  six  equations  have 
seven  unknowns  describing  the  stress-strain  relationship.  Closure  of  the  model  is  obtained  by 
determining  the  stress  field  (average  mixture  principle  stress)  that  is  consistent  with  material 
strain  determined  by  the  finite  element  analysis.  All  of  the  model  assumptions  and  material 
parameters  for  the  energetic  material  are  given  in  reference  19.  This  stress-strain  relationship  is 
implicit  in  porosity  and  for  a  given  set  of  material  parameters  and  input  T  and  F,  stress  fields  are 
determined  iteratively  or  with  a  general  root  solving  algorithm.  Figure  1  shows  representative 
stress-strain  states  as  estimated  using  material  parameters  relevant  for  decomposing  TATB  at 
523  K. 


Variations  are  shown  corresponding  to  varied  degree  of  material  decomposition 
(i.e.,  F,  fraction  of  material  mass  decomposed  to  a  gas  phase).  For  a  given  strain,  the  mixture  pres¬ 
sure  changes  four  orders  of  magnitude  when  the  reacted  gas  percent  increases  from  0  to  5%,  con¬ 
sistent  with  experimental  observations.  Clearly,  a  small  degree  of  material  decomposition  has  a 
significant  influence  on  the  mechanical  response  of  the  energetic  material  which,  in  turn,  leads  to 
a  strong  interaction  between  thermochemistry  and  mechanics. 
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TATB.  The  dashed  line  represents  calculated  thermal  runaway,  the  solid  line  represents  the  time 
when  pressure  venting  is  estimated  to  occur.  The  symbols  correspond  to  experimental  data.  For 
conditions  of  fast  heating,  thermal  runaway  and  mechanical  failure  coincide.  However,  for  slow 
cookoff,  failure  of  confinement  is  largely  due  to  thermal-chemical-mechanical  response  of  the 
energetic  material. 

For  PBX  9404,  a  plateau  at  fast  cookoff  conditions  is  observed  as  shown  in  Figure 
2.B.  This  plateau  results  from  low  temperature  reactions  of  nitrocellulose  resulting  in  substantial 
pressurization.  To  our  knowledge,  the  features  in  Figure  2  have  never  before  been  calculated  with 
a  true  estimate  of  confinement  rupture.  Tarver^^  assumed  a  heat  release  for  NC  that  was  twice  as 
large  as  calorically  possible  (excluding  any  cross-catalytic  chemistry  effects)  assuming  that  the 
plateau  is  entirely  a  thermal  response  of  the  NC  binder.  The  two-step  kinetic  mechanism  may  be 
inadequate  to  capture  the  abrupt  change  in  failure  times  shown  for  both  the  aged  and  new  PBX 
9404  data  shown  in  Figure  2B.  The  experimental  data  of  Chen  and  Brill^^  suggest  that  the  kinetics 
for  fast  heating  rates  are  different  from  those  measured  at  slow  heating  rates.  Although  a  change 
in  mechanism  with  temperature  may  explain  the  abrupt  change  in  failure  times,  small  amounts  of 
additives  can  also  affect  results.  For  example,  the  stabilizer  used  in  PBX  9404,  0.1%  dipheny- 
lamine,  has  a  noticeable  effect  on  the  ODTX  results  as  seen  in  Figure  2B;  the  aged  PBX  9404 
reacts  sooner  than  the  new  PBX  9404.  The  kinetic  rate  mechanisms  used  in  this  work  were 
obtained  from  the  original  fits  to  the  ODTX  data  which  did  not  include  mechanical  behavior  or 
pressure  effects  of  the  chemical  rates.  Clearly,  improved  kinetic  rates  are  warranted  to  explain  the 
time  to  failure  observed  for  PBX9404. 


Figure  2  Calculated  and  experimental  time  to  failure  for  1.27  cm  diameter  spheres  of  A)  TATB  and  B)  PBX  9404 
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MULTIDIMENSIONAL  SIMULATION  OF  COOKOFF  EXPERIMENTS 


As  a  demonstrative  three-dimensional  simulation  of  a  typical  cookoff  experiment, 
the  small-scale  cookoff  bomb  developed  by  Pakulak^^  at  NAWC,  China  Lake,  CA  is  modeled. 
This  experiment  consists  of  steel-cased  cylinder  cast  with  a  propellant  containing  a  center  bore. 
Two  heating  band  sleeves  are  used  to  heat  the  energetic  material  at  a  fixed  rate.  The  combustion 
bomb  is  mounted  to  a  steel  support  structure  using  four  bolts.  Representative  propellant  properties 
and  a  single  step  global  reaction  kinetics  (obtained  from  DSC  estimates)^^  are  used  in  this  simula¬ 
tion  treating  a  75  F/hr  heating  rate. 

Figure  3  shows  the  finite  element  mesh  and  an  overlay  of  thermal  contours  after 
14400  seconds  of  heating  (a  time  prior  to  ignition).  The  heat  transfer  effects  of  the  mounting  plate 
and  mounting  bolts  are  calculated  to  be  insignificant.  The  thermal  field  is  nonuniform  and  is,  at 
least,  two-dimensional  and  axisymmetric.  Figure  4  displays  a  45°  slice  through  the  combustion 
prior  to  the  onset  of  thermal  runaway.  At  14600  seconds  significant  propellant  decomposition  sup¬ 
plements  the  heat  transfer  and  thermal  runaway  initiates  at  an  interior  location  within  the  propel¬ 
lant.  The  experimentally-observed  onset  to  thermal  runaway  occurs  at  19000  sec.  Given  that  a 
simplistic  chemistry  model  is  used  (no  endothermic  steps),  this  cookoff  simulation  predicts  only 
leading  order  effects  -  numerical  simulation  is  only  as  accurate  as  the  model  inputs.  A  true  bench¬ 
mark  experiment  requires  well-defined  initial  and  boundary  conditions  and  accurate  material 
characterization.  In  these  calculations,  58,000  finite  elements  are  used  and  computation  time,  sim¬ 
ulating  15000  sec  of  heating  to  ignition,  requires  3  hr  CPU  on  a  IBM  SP/2  multiple  processor 
computer. 

A  different  type  cookoff  experiment  is  being  developed  by  Renlund^^  at  Sandia 
National  Laboratories  to  provide  simultaneous  measurements  of  thermal  and  mechanical  behavior 
of  confined  energetic  materials.  Figure  5  is  a  pictorial  representation  of  this  experiment.  In  this 
hot-cell  device,  a  steel  block  confines  a  cylindrical  plug  of  energetic  material  supported  by  axial 
rods  fixed  to  a  support  structure  and  a  water-cooled  load  cell.  The  hot-cell  is  heated  by  a  band 
heater  which  is  controlled  by  thermocouples  in  the  steel  block.  Simultaneous  temperature  and 
load  cell  measurements  provide  time-resolved  information  on  thermal-mechanical  behavior. 

In  recent  experiments,  a  support  rod  is  replaced  with  transparent  material  which 
allows  optical  access  to  the  energetic  material  interface  whereupon  laser-based  diagnostics 
(Raman  spectroscopy)  are  used  to  probe  time-resolved  species  information  as  the  sample  under¬ 
goes  thermal  decomposition.  Most  importantly,  species  are  measured  at  realistic  confinement 
conditions.  Figure  6  displays  the  time  history  of  temperature  and  the  measured  load  cell  force  for 
thennally-degrading  TATB.  At  later  time,  decomposition  of  the  material  causes  pressurization  in 
the  cell.  Typically,  tests  are  quenched  prior  to  thermal  runaway  to  minimize  damage  to  the  hot¬ 
cell  apparatus. 
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Figure  7  displays  axisymmetric  finite  element  calculations  of  the  thermal  and 
stress  fields  prior  to  the  onset  of  decomposition.  Variations  of  these  fields  are  shown  as  shaded 
contours.  On  the  left,  thermal  fields  are  displayed  which  show  that  the  temperature  of  the  hot-cell 
is  uniform.  Cooling  of  the  support  structure  and  the  load  cell  induces  thermal  and  stress  gradients. 
Despite  the  uniformity  of  the  thermal  field,  stress  fields  shown  on  the  right  are  clearly  nonuniform 
as  axial  variations  in  the  hot-cell  are  predicted.  In  this  preliminary  study,  the  displacement  of  the 
load  cell  was  not  included,  thus  higher  stresses  are  predicted.  Subsequent  calibration  calculations 
using  inert  material  (Teflon)  have  been  modeled  and  the  load  cell  is  treated  as  an  elastic  material 
with  properties  that  mimic  the  measured  response  of  the  load  cell.  With  this  calibration,  model¬ 
ing  studies  can  now  address  fully-coupled  behavior. 


Load  CeU 


Figure  5.Pictonal  of  the  hot-cell  cxpenment  used  in  simultaneous  measurement  of 
temperature  and  stress  of  confined  energetic  materials. 
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Figure  6.  Hot-cell  cookoff  data  for  confined  TATB. 
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Figure  7.  Left:  Temperatures  in  the  hot-cell.  Right;  Stress  fields  in  hot-cell  apparatus. 
No  displacement  of  the  load  cell  is  considered  in  these  calculations. 


SUMMARY  AND  CONCLUSIONS 

This  work  reviews  modeling  of  fully  coupled  thermal,  chemical,  and  mechanical 
cookoff  analysis  under  study  at  Sandia  National  Laboratories.  This  effort  is  being  developed  for 
safety  assessments  of  systems  containing  energetic  materials.  Finite  element  analysis  has  been 
extended  to  couple  thermal  and  mechanics  behavior.  A  critical  aspect  of  this  coupling  involves 
development  of  a  stress-strain  model  for  thermally-degrading  materials.  This  constitutive  rela¬ 
tionship  is  based  on  bubble  nucleation  theory  which  indicates  that  a  small  degree  of  decomposi¬ 
tion  has  a  significant  influence  on  pressure  buildup  and/or  material  expansion. 

Confined  ODTX  experiments  are  simulated  to  conditions  of  pressure  failure  at 
1500  atm.  The  spherically  confined  ODTX  simulations  compared  favorably  to  experimental  data. 
Slow  cookoff  is  dominated  by  significant  pressure  buildup.  Even  in  fast  cookoff  conditions,  small 
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amounts  of  decomposition  products  results  in  large  pressures  loading,  demonstrating  that 
mechanics  must  be  considered  in  any  cookoff  analysis. 

Multidimensional  simulations  of  realistic  cookoff  geometries  have  also  been  dem¬ 
onstrated.  Thermal  conduction  heat  transfer  is  resolved  in  finite  element  analysis  including  ther¬ 
mal  radiation  and  multiple  step  condensed  phase  chemistry.  A  unique  feature  of  this  finite  element 
analysis  is  the  development  of  solution  schemes  that  can  handle  a  large  system  of  elements  with 
many  degrees  of  freedom.  The  common  use  of  element  structures  and  databases  is  critical  in  cou¬ 
pled  analysis.  A  fully-couple  thermal/chemical/mechanical  capability  has  been  demonstrated  and 
modeling  studies  of  hot-cell  cookoff  experiments  with  inert  and  energetic  materials  are  ongoing. 
Future  work  will  extend  calculations  of  experiments  for  model  verification  and  assess  improved 
kinetic  mechanisms  and  rate  data. 

REFERENCES 

1.  Renlund,  A.  M.,  personal  communication,  Sandia  National  Laboratories,  Albuquerque,  New 
Mexico,  1994. 

2.  Zinn,  J.  and  Rogers,  R.  N.,  “Thermal  Initiation  of  Explosives,”  J.  Phys.  Chem.,  66,  2646,1962 

3.  Gross,  R.  J.,  Baer,  M.  R.,  and  Hobbs,  M.  L.,  “XCHEM-ID,  A  Heat  Transfer/Chemical  Kinet¬ 
ics  Computer  Program  for  Multilayered  Reactive  Materials,”  SAND93-1603,  Sandia  National 
Laboratories,  Albuquerque,  NM,1993. 

4.  Stone,  C.  M.,  “SANTOS  -  A  Two-Dimensional  Finite  Element  Program  for  the  Quasi-static, 
Large  Deformation,  Inelastic  Response  of  Solids,”  S  AND90-0543,  Sandia  National  Laborato¬ 
ries,  Albuquerque,  New  Mexico,  unpublished  personal  communication  (1994),  for  more 
information  see  Stone,  C.  M.,  Krieg,  R.  D.,  and  Beisinger,  Z.  E.,  “SANCHO,  A  Finite  Ele¬ 
ment  Computer  Program  for  the  Quasistatic,  Large  Deformation,  Inelastic  Response  of  Two- 
Dimensional  Solids,”  SAND84-2618,  UC-32,1984. 

5.  Gartling,  D.K.,  and  Hogan,  R.E.,  “COYOTE  II  -  A  Finite  Element  Computer  Program  for 
Nonlinear  Heat  Conduction  Problems,”  SAND94-1173,  Sandia  National  Laboratories,  Albu¬ 
querque,  New  Mexico,  September,  1994. 

6.  Biffle,  J.  H.,  Blanford,  M.  L.,  “JAC2D  -  A  Two-Dimensional  Finite  Element  Computer  Pro¬ 
gram  for  the  Nonlinear  Quasi-Static  Response  of  Solids  with  Conjugate  Gradient  Method", 
SAND93-1891,  Sandia  National  Laboratories,  Albuquerque,  New  Mexico;  JAS  is  the  3D 
extension  of  this  work  and  documentation  is  currently  in  progress. 

7.  Blacker,  T.D.,  “Paving:  A  New  Approach  to  Automated  Quadrilateral  Mesh  Generation,” 
International  Journal  for  Numerical  Methods  in  Engineering,  32,  811-847,  1991. 

8.  Gilkey,  A.  R,  and  Sjaardema,  G.  D.,  “GEN3D:  A  GENESIS  Database  2D  to  3D  Transforma¬ 
tion  Program,”  SAND89-0485,  Sandia  National  Laboratories,  Albuquerque,  New  Mexico, 
March,  1989. 

9.  Sjaardema,  G.D.,  “GJOIN:  A  Program  for  Merging  Two  or  More  GENESIS  Databases,” 
SAND92-2290,  Sandia  National  Laboratories,  Alb^uquerque,  New  Mexico,  December,  1992. 

10.  Sjaardema,  G.D.,  “GREPOS:  A  Genesis  Database  Repositioning  Program,”  SAND90-0566, 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico,  June,  1993. 

11.  Young,  T.R.,  “CHEMEQ  -  Subroutine  for  Solving  Stiff  Ordinary  Differential  Equations,” 
NRL  Memorandum  Report  4091,  Naval  Research  Laboratory,  Washington,  D.C.,  1979. 

12.  Gresho,  P.M.,  Lee,  R.L.,  and  Sani,  R.L.,  “On  the  Time  Dependent  Solution  of  the  Incompress- 


37  -  14 


ible  Navier-Stokes  Equations  in  Two  and  Three  Dimensions,  ”  Recent  Advances  in  Numerical 
Methods  in  Fluids,  Vol.  1,  27-81,  Pineridge  Press,  Swansea,  U.K.,  1980. 

13.  Glass,  M.  W.,  "CHAPARRAL:  A  Package  for  Solving  Large  Enclosure  Radiation  Heat  Trans¬ 
fer  Problems,"  SAND94-0840,  Sandia  National  Laboratories,  Albuquerque,  NM,  June,  1994. 

14.  Cohen,  M.F.,  and  Greenberg,  D.P.,  “The  Hemi-Cube:  A  Radiosity  Solution  for  Complex  Envi¬ 
ronments,”  Computer  Graphics,  19  (3),  31-40,  1985. 

15.  Shapiro,  A.B.,  “FACET  -  A  Radiation  View  Factor  Computer  Code  for  Axisymmetric,  2D 
Planar,  and  3D  Geometries  with  Shadowing,”  UCID-19887,  Lawrence  Livermore  National 
Laboratory,  Livermore,  California,  August,  1983. 

16.  Schunk,  P.R.,  and  Shadid,  J.N.,  “Iterative  Solvers  in  Implicit  Finite  Element  Codes,” 
SAND92-1158,  Sandia  National  Laboratories,  Albuquerque,  New  Mexico,  1992 

17.  Eringen,  A.  C.,  Mechanics  of  Continua,  second  edition,  Robert  E.  Krieger  Publishing  Com¬ 
pany,  Malabar,  Florida,  142,1980. 

18.  Taylor,  L.  M.,  and  Flanagan,  D.  P,  “PRONTO  3D:  A  Three-Dimensional  Transient  Solid 
Dynamics  Program,”  SAND87-1912,  UC-32,  Sandia  National  Laboratories,  Albuquerque, 
New  Mexico,  1992. 

19.  Hobbs,  M.  L.,  Baer,  M.  R.,  and  Gross,  R.  J.,  “A  Constitutive  Mechanical  Model  for  Energetic 
Materials”  Twentieth  International  Pyrotechnics  Seminar,  Colorado  Springs,  Colorado,  IIT 
Research  Institute,  Chicago,  Illinois,  1994. 

20.  McGuire,  R.  R.,  and  Tarver,  C.  M.,  “Chemical  Decomposition  Models  for  the  Thermal  Explo¬ 
sion  of  Confined  HMX,  TATB,  RDX,  and  TNT  Explosives,”  Seventh  Symposium  (Interna¬ 
tional)  on  Detonation,  NSWC  MP  82-334,  56,1981. 

21.  Tarver,  C.  M.,  personal  communication,  Lawrence  Livermore  National  Laboratory,  California 
1993. 

22.  .Chen,  J.  K.,  and  Brill,  R.  B.,  “Thermal  Decomposition  of  Energetic  Materials  50.  Kinetics 
and  Mechanism  of  Nitrate  Ester  Polymers  at  High  Heating  Rates  by  SMATCH/FTIR  Spec¬ 
troscopy,”  Comb.  Flame,  85,479,1991. 

23.  Pakulak,  J.  M.,  "USA  Small-Scale  Cookoff  Bomb  (SCB)  Test,"  21st  Explosive  Safety  Semi¬ 
nar,  Vol.l,  China  Lake,  CA,  August  1984. 

24.  Dimaranan,  L,  personal  communication.  Naval  Air  Warfare  Center,  China  Lake,  CA,  1995. 

25.  Renlund,  A.,  personal  communication,  Sandia  National  Laboratories,  Albuquerque,  NM, 
1995. 


38-1 


THE  STATIC  ELECTRICITY  HAZARDS  :  METHODS  FOR 
ASSESSING  PYROTECHNICS  SENSITIVITY  AND  APPROACH 
FOR  HAZARD  REDUCTION 


Roger  RAT,  Jean  ISLER, 

SNPE  -  Centre  de  Recherches  du  Bouchet  -  BP  N°  2 
91710  VERT  LE  PETIT  -  FRANCE 


ABSTRACT 


Within  energetic  materials,  pyrotechnics  are  often  among  the  most  sensitive  to  static 
electricity. 

According  to  the  processing  conditions,  and  to  the  system  configuration,  they  can  be 
submitted  to  different  kinds  of  electrical  stimuli  : 

-  sparks  like  those  delivered  by  the  human  body, 

-  capacitive  discharge  due  to  charge  accumulation  within  a  system 

The  paper  will  describe  the  experimental  devices  which  allow  to  measure  the  sensitivity  to 
each  of  these  two  kinds  of  stimuli.  Typical  results  will  be  presented,  as  well  as  an  analysis  of 
the  different  behaviors  observed  with  pyrotechnics. 

On  another  hand,  a  procedure  is  recommended  for  the  choice  of  a  test  method  depending 
on  the  real  situation,  and  on  the  threats  to  take  into  account. 
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1  -  INTRODUCTION 


The  static  electricity  is  frequently  involved  in  accidental  ignition  of  flammable  mixtures, 
and  of  course  of  energetic  materials.  This  is  often  the  result  of  a  complicated  process,  with  at 
least  three  main  steps  :  [1], 

©  A  charge  generation  must  first  occur,  generally  by  triboelectrical  effect  during  the 
separation  of  dissimilar  parts  of  the  concerned  system. 

So  static  electricity  can  be  generated  in  different  ways,  well  summarized  by  C.J.  DAHN 

in  [2]  ; 


-  charging  of  powders,  of  large  solid  particles  or  of  mixtures,  by  pneumatic 
transport,  sieving,  grinding,  mixing,  blending  operations,  ... 

-  charging  of  poorly  conductive  substances,  which  can  come  in  contact  with  an 
explosive  material,  like  plastic  coatings  on  rocket  motor  mandrels. 

-  charging  of  personnel,  which  can  occur  from  walking  on  nonconducting  flooring, 
wearing  shoes  with  nonconducting  soles,  rising  from  a  chair,  brushing  against  an 
object,  or  even  acquiring  the  charge  from  another  object  in  the  vicinity  by 
induction. 

-  charging  of  metal  objects  isolated  from  ground,  which  can  occur  by  separation 
with  insulating  items,  or  more  often  by  induction. 

®  The  consequent  electrical  field,  due  to  charge  accumulation  has  to  be  enhanced  up  to 
reach  the  breakdown  field.  This  can  be  done  macroscopically,  by  the  presence  of  a  sharp  metal 
corner  within  the  electrical  field,  or  microscopically,  like  in  the  case  of  energetic  materials 
made  of  metallic  particles  inside  an  insulating  matrix  :  solid  propellants  [3],  MTV,  ... 

®  The  energy  delivered  during  this  discharge  can  then  lead  to  ignite  the  flammable 
mixture,  or  the  energetic  material,  depending  on  its  level  and  time  duration,  and  also  on 
thermodynamical  conditions  related  to  the  confinement  or  pressure. 
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2  -  ELIMINATING  THE  ELECTROSTATIC  IGNITION  DANGERS 

The  example  of  the  chemical  industry,  which  often  handles  flammable  mixtures  much  more 
sensitive  than  explosives  and  pyrotechnics,  shows  that  eliminating  the  third  point  above  can  be 
a  good  way  for  the  reduction  of  static  electricity  hazards. 

When  not  completely  feasible,  then  measures  concerning  the  two  others  points  can  be 
taken  in  order  to  ; 

-  minimize  the  charge  generation  and  accumulation, 

-  avoid  the  situations  likely  to  allow  a  breakdown  discharge. 

This  approach  can  be  summarized  on  a  flowchart  like  on  table  1. 


Table  1  :  Example  of  hazard  analysis  for  electrostatic  ignition 
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3  -  ELECTROSTATIC  IGNITION  HAZARDS  WITH  PYROTECHNICS 

Using  the  previous  approach  to  identify  the  electrostatic  ignition  hazards  with  pyrotechnics 
means  then  to  be  able  to  list,  during  all  steps  of  the  manufacturing  process,  all  the  possible 
combustible  mixtures  and  all  the  environment  features. 

And  this  can  become  a  difficult  work  in  the  case  of  some  pyrotechnics,  due  to  the  wide 
diversity  of  situations  that  can  be  met.  Indeed,  we  may  have  to  consider  in  a  hazard  analysis  : 

■  different  kinds  of  flammable  ingredients  :  solvents  with  minimum  ignition  energy  (MIE) 
much  lower  than  1  mJ,  metal  powders  with  MIE  near  some  mj,  and  of  course  redox 
mixtures  with  unknown  MIE. 

■  different  physical  states  of  the  composition,  depending  on  the  process  :  granular  mixture 
with  more  or  less  solvent,  pressed  material,  chips,  ... 

■  different  confinement  conditions,  which  can  lead  to  various  situations  on  an  electrical 
point  of  view  (capacity  of  the  system,  time  constant ...)  and  on  a  thermodynamical  point 
of  view  (heat  conduction  ...) 

The  aspects  of  solvents  and  fine  metallic  particles  ignition  will  not  be  treated  here,  since 
quite  wellknown  from  the  chemical  industry  experience.  But  according  to  our  experience  in  the 
fields  of  secondary  high  explosives  and  rocket  motor  propellants,  we  have  rather  tried  to  see 
how  can  the  sensitivity  of  pyrotechnics  range  beside  these  more  classical  kind  of  energetic 
materials. 

This  analysis  is  mainly  based  on  results  obtained  with  the  two  kinds  of  apparatus 
commonly  used  at  SNPE  : 

-  a  spark  sensitivity  test, 

-  a  capacitive  discharge  apparatus. 
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4  -  SPARK  SENSITIVITY  OF  PYROTECHNICS 

4  1  Test  description 

The  study  of  the  spark  sensitivity  of  granular  energetic  materials,  mainly  primer 
explosives  and  secondary  high  explosives,  can  be  performed  with  an  apparatus  like  described 
on  figure  1.  [3] 
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Fi2ure  1  :  Schematic  arrangement  of  ignition  test  by  electrostatic  spark 

In  this  test,  the  discharge  of  a  maximum  3000  pF  capacity  charged  up  to  22  KV 
produces  a  spark  between  the  two  electrodes.  The  maximum  energy  delivered  by  the  spark  is 
726  mJ. 


The  principle  of  testing  is  to  determine  the  minimum  ignition  energy,  i.e.  the  lowest 
level  at  which  one  ignition  occurs,  with  twenty  no  reaction  at  the  level  just  below. 

4.2.  Typical  results 

The  next  table  summarizes  results  obtained  with  this  test,  and  provides  a  good  basis 
for  the  comparison  between  some  kinds  of  pyrotechnics  and  classical  secondary  high 
explosives. 
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Ingredients 

"No  reaction"  energy 
measured  by  the  test  of 
figure  1  (mj) 

SECONDARY  HIGH 

PETN 

73  (1) 

EXPLOSIVES 

RDX 

120  to  >726  (2) 

(Granular) 

HMX 

225  to  >  726  (2) 

Zr/CuO 

<  1 

Zr  Hi/CuO 

<  1 

Zr/Ba  Cr  O4/AP 

2 

PYROTECHNICS 

Mg/CuO 

25 

Ba02/Pb02/Si2Ca/Fe203/A] 

30 

(Granular) 

Mg/Mn02/KMn04/Fe203/Si2Ca 

20 

AP/Al 

541 

Mg/Teflon 

661 

KN03/Si2Ca/Sb2S3 

>726 

KN03/Fe203/Al/Si/C 

>726 

All  kinds  of  composite  materials 

Not  sensitive  at  this  test 

COMPACT 

for  PBXs  and  Rocket  motor 

(>  726).  Samples  only 

MATERIALS 

propellants 

sometimes  perforated  in 

their  middle 

New  compositions  recently  tested  : 

-AP/Al  /  Binder 

37 

-  AP  /  Mg  /B  /  Binder 

13 

-  AP  /  A1  /  C  /  Binder 

121 

Table  2  :  Spark  sensitivity  results 

(1)  Fine  :  the  medium  particle  size  is  10  jam 

(2)  Depending  on  the  particle  size 
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S  -  SENSITIVITY  OF  PYROTECHNICS  TO  CAPACITIVE  DISCHARGE 

5.1.  Test  description 

The  analysis  of  accidental  events  with  some  propellants  declared  not  sensitive  to  the 
spark  test  led  us  to  design  a  new  test  with  increased  values  for  the  following  parameters  [3]  : 

-  size  of  samples  (mass  effect  or  confinement) 

-  duration  of  discharge  in  the  RC  circuit,  where  R  is  the  sample  resistance,  and 
C  the  capacity  applied  to  the  sample  extremities  (time  required  for  ignition) 

-  energy  delivered,  up  to  15.6  J 

In  view  of  the  above  parameters,  an  equipment  was  developed,  shown  in  figure  2. 

The  sample  to  be  tested  is  a  cylindrical  90  mm  diameter  grain,  100  mm  long.  The 
grain  is  located  between  two  electrodes.  The  electrode  system  is  a  "point-plane  type  ,  which  is 
very  penalizing  because  the  electric  field  close  to  a  sharp  area  is  more  intense.  In  order  to  get 
an  adequate  contact  area  and  distribution  of  the  electric  current,  the  grounded  surface  of  the 
sample  facing  the  negative  electrode  is  coated  with  a  silver  lacquer. 


X  30  Mn 


Figure  2  :  Schematic  arrangement  for  capacitive  discharge  test  on  the  propellant  grains. 
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Each  tested  composition  is  studied  by  performing,  on  three  different  samples,  thirty 
consecutive  discharges  with  the  34.7  nF  capacitance  charged  to  30  KV, 

Different  kinds  of  results  may  be  observed  :  cracking,  ignition,  violent  explosion  ... 


A  tested  composition  is  declared  not  sensitive  if  no  one  of  these  events  is  observed 
after  the  thirty  discharges  on  three  samples. 

5.2.  Typical  results 


The  next  table  summarizes  results  obtained  with  the  capacitive  discharge  test 


Ingredients 

Sensitivity  to  the  capacitive  discharge 
(34.7nF/30KV) 

ROCKET  MOTOR 
PROPELLANTS  AND 
PBXs 

HTPB  Binder 

AP,  RDX,  ... 

Aluminum 

The  compositions  with  a  high 
content  of  fine  aluminum 
particles  are  sensitive. 

Ignition  are  observed  after  some 
discharges 

PYROTECHNICS 

AP  /  Mg  /  B  /  Binder 

AP  /  A1  /  C  /  Binder 

Mg  /  Teflon 

Not  sensitive 

Sensitive  (ignition  after  6  discharges) 
Not  sensitive 

Table  3  ;  Capacitive  discharge  results 
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6  -  DISCUSSION 


Due  to  the  wide  range  of  ingredients  used  in  pyrotechnics,  and  to  the  variety  of  operations 
performed  during  their  manufacturing,  it  appears  that  particular  care  must  be  taken  with  such 
energetic  materials. 

The  analysis  of  results  obtained  with  our  two  classical  ESD  tests  shows  three  particular 
behaviors  with  pyrotechnics  ; 

©  The  combination  of  oxydants  with  some  metals  can  lead  to  a  sensitivity  to  sparks  with 
very  low  energy  (less  than  one  mJ),  as  observed  with  some  granular  mixtures  with 
Zirconium  for  instance.  A  "spark  test"  like  described  in  4.1.  is  well  adapted  to  detect 
such  sensitive  mixtures. 

@  Such  sensitive  to  spark  compositions  are  not  found  systematically  sensitive  to  the 
capacitive  discharge  test,  when  in  a  compact  presentation. 

0  But  some  compositions  have  been  found  sensitive  to  spark  with  energy  in  the  range  of 
10  mJ,  when  in  a  compact  presentation,  or  in  a  polymerized  binder.  This  behavior  was 
quite  new  for  us,  since  never  observed  before  with  more  classical  formulations  like 
propellants  and  PBXs. 

On  another  hand,  this  sensitivity  appeared  to  be  variable  with  the  sample  preparation 
and  also  probably  with  the  sample  presentation  in  the  measurement  cell. 


7  -  CONCLUSION 

For  many  years,  the  electrostatic  hazard  assessment  of  energetic  materials  has  been  based 
on  the  simple  statements  that  only  granular  mixtures  are  sensitive  to  sparks  and  that  compact 
materials  may  only  be  ignited  by  a  capacitive  discharge  mechanism. 

Our  recent  experience  shows  that  with  some  pyrotechnics,  we  have  also  to  consider  the 
ignition  by  low  energy  sparks  with  compact  materials. 

And  in  this  area,  there  is  still  the  need  of  much  more  information,  to  improve  the 
knowledge  of  all  kinds  of  mechanism,  and  to  establish  better  correlation  between  real  situations 
and  test  configurations. 
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Kurzfassung 

Im  Rahmen  der  thermischen  Entsorgung  von  kampfstoff-  und  explo- 
sivstoffhaltigem  Erdreich  in  einem  Verbrennungsof en  wird  ein 
Priiftest  zur  Bestimmung  der  Explosionsfahigkeit  von  Sand/TNT- 
Mischungen  in  Abhangigkeit  von  den  KorngroBen  und  vom  Wasser- 
gehalt  der  Ausgangsprodukte  eingesetzt. 

Als  Priiftest  wurde  der  Stahlrohrtest  TNO  50/70  der  "Recommen¬ 
dations  on  the  Transport  of  Dangerous  Goods  -  Tests  and  Criteria 
Second  Edition,  United  Nations,  New  York,  1990",  modifiziert. 

Der  Test  wird  beschrieben,  und  iiber  Versuchsergebnisse  wird 
berichtet . 
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ZIELSETZUNG 

Das  Bundesministerium  der  Finanzen  (BMP)  der  BRD  hat  die  Planung 
und  den  Bau  einer  zentralen  Verbrennungsanlage  zur  Entsorgung 
explosivstoff-  und  kampf stof fkontaminierter  Boden  in  Auftrag  ge- 
geben.  Im  Rahmen  des  Planungsauf trags  fiihrte  das  Fraunhofer-Insti- 
tut  fiir  Chemische  Technologie  Realisierbarkeitsuntersuchunaen 
uber  das  Aufbereitungsverfahren  und  die  thermische  Entsorauna 
explosivstoff /kampfstoffkontaminierter  Boden  durch.  Die  Verbren¬ 
nungsanlage  wird  bei  der  Wehrwissenschaftlichen  Dienststelle  der 
Bundeswehr  (WWD  Bw)  in  Munster  errichtet. 


1  SICHERHEITSTECHNISCHE  BETRACHTUNGEN 

1.1  Sicherheitstechnik  und  Umweltvertraglichkeit 

Fur  das  thermische  Verfahren  zur  Entsorgung  von  sprengstof fhal- 
tigen  Kampfstoffen  sind  sicherheits-  und  umweltrelevante  Betrach- 
tungen  von  entscheidender  Bedeutung.  Die  Konzeption  des  Entsor- 
gungsverf ahrens  muB  die  Gewahr  bieten,  daB  einerseits  die  Anlaae 
selbst  vor  unkontrollierten  explosionsartiaen  Umsetzunaen  des 
Explosiystoffanteils ,  andererseits  die  Umwelt  vor  Anstritt  von 
Kampfstoffen  qeschiitzt  wird.  Der  Schutz  der  Anlage  vor  unkontrol¬ 
lierten  Verpuffungen  kann  durch  Begrenzung  des  Sprengstof fes  ira 
Ofen  auf  eine  Menge  erreicht  werden,  die  bei  plotzlicher  Umset- 
zung  die  kurzzeitige,  dynamische  Belastbarkeit  des  Ofenraums 
nicht  iibersteigt. 


1 . 2  Explosionsf ahigkeit 

Zur  Ermittlung  der  Grenzkonzentration  von  TNT  im  Aufgabegut  haben 
wir  die  Explosionsf ahigkeit  von  TNT/Sandgemischen  bestimmt.  Es 
ist  zu  unterscheiden  zwischen  Explosionsaef ahrlichkeit  und  Explo¬ 
sionsf  ahigkeit  eines  Stoffes  Oder  Stoffgemisches . 
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Explosionsfahige  Stoffe  sind  feste,  fliissige  Oder  gasformige  Stof- 
fe  Oder  Stof fgemische,  die  sich  in  Form  einer  Explosion  umsetzen 
kdnnen.  Die  Auslosung  der  Umsetzung  (Ziindung)  kann  durch  thermi- 
sche  Einwirkung  (z,B.  Funken,  Flamme,  gliihende  Stoffe),  durch 
mechanische  Beanspruchung  (z.B.  Schlag,  Reibung)  Oder  durch  Deto- 
nationsstoB  (z.B.  Sprengziinder ,  Detonator,  Verstarkerladung)  er- 
folgen;  Einschrankungen  hinsichtlich  der  Ziindarten  bestehen 
nicht . 

Explosionsgef ahrliche  Stoffe  sind  durch  das  Sprengstof fgesetz 
definiert  /!/.  Die  Prufmethoden  zur  Klassif izierung  von  explosi¬ 
onsgef  ahrlichen  Stoffen  wurden  von  der  Bundesanstalt  fiir  Material- 
priifung  (BAM)  ausgearbeitet . 

Explosionsgefahrliche  Stoffe  konnen  fiir  sich  allein  Oder  im  Ge- 
misch  mit  Inertstoffen  auftreten.  Die  Explosionsgef ahrlichkeit 
einer  Komponente  sagt  allerdings  noch  nichts  iiber  die  Explosions- 
fahigkeit  eines  Stof fgemisches  aus,  da  selbst  explosionsgef ahrli¬ 
che  Stoffe  f Stoffaemische)  bestimmter  Mischunasverhaltnisse 
auBerhalb  ihrer  Explosionsarenzen  auch  ungefahrlich,  d.h.  nicht 
explosionsfahia  sein  konnen. 

Fiir  feste  Sprengstof fe  im  Gemisch  mit  Inertstoffen  kommen  neben 
dem  Mischungsverhaltnis  weitere  Faktoren  hinzu,  die  Randbedin- 
gungen  fur  die  Explosionsfahigkeit  darstellen,  z.B.: 

Schichtdicke  bzw.  kritischer  Durchmesser .  abhanaia  von  den 
StoBwelleneigenschaften  der  Umgebuna  der  Proben  (EinschluB, 
Entrapment,  Verdammung  etc.).  Die  Umgebung  der  Probe  beein- 
fluBt  die  einleitende  ZiindstoBwelle  durch  unterschiedliches 
Transmissions-  bzw.  Ref lektionsverhalten  nach  MaBgabe  der 
jeweiligen  Impedanz  (Dichte  x  Schallgeschwindigkeit )  der  Um¬ 
gebung.  Dabei  tritt  Verstarkung  Oder  Dampfung  der  ZiindstoB- 
welle  im  Medium  auf. 
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Unstetiakeiten  im  Explosivstof f Cgemisch) .  verursacht  durch 
Lufteinschliisse  (Poren,  Risse,  Lunker)  Oder  Fremdstof fe,  die 
an  der  chemischen  Umsetzung  unbeteiligt  sind  (Inertstoffe 
hoherer  Oder  niederer  Dichte,  versch.  KorngroBen  etc.)/ 
bewirken  eine  Dampfuna  der  ZiindstoBeneraie .  Die  eingeleitete 
Detonation  lauft  dann  nach  mehr  Oder  weniger  groBen  Lauf- 
strecken  aus. 

Im  Grunde  ist  die  dem  Explosivstof f  jeweils  unter  bestimmten 
Randbedingungen  zugefuhrte  Ziindenergie  (Triggerschwelle)  die  ei- 
gentliche  KlassifizierungsgroBe,  die  von  hochempf indlich  bis  un- 
empfindlich  reicht.  Eine  mittlere  Empf indlichkeit  hat  z.B.  eine 
Probe  mit  der  Schlagenergie  von  2  mkp  =  19,6  Joule  (Fallhammer  2 
kg,  Fallhohe  1  m) .  Als  unempf indlich  werden  Substanzen  mit  einer 
Schlagenergie  iiber  60  Joule  eingestuft- 

Der  UN-SachverstandigenausschuB  "Beforderung  gefahrlicher  Giiter" 
hat  in  seinen  Empfehlungen  iiber  die  Beforderung  gefahrlicher  Gii- 
ter  /2/  Priifmethoden  und  Kriterien  fiir  die  Klassif izierung  von 
explosiven  Stoffen  vorgeschlagen . 

Zu  den  einfachsten  Priifmethoden  gehort  die  Schlag-  und  Reibemp- 
f indlichkeit .  Die  beinahe  winzige  ProbengroBe  (10-40  mg)  macht 
sie  jedoch  ungeeignet  fiir  Tests  an  kompakten  Korpern  Oder  Schiit- 
tungen  grober  Kornung. 

Zu  den  hartesten  Randbedingungen  gehort  der  starkwandige  Ein- 
schluB  im  TNO-Rohr  (Innen-0  50  mm,  Wandstarke  10  mm)  mit  200  g- 
Booster-Anfeuerung  (Booster:  Hexogen/Wachs ,  hochempf indlich,  Ziin- 
dung  mit  Sprengkapsel )  /2/.  Ein  Stof fgemisch,  das  unter  diesen 
"extrem  harten"  Randbedingungen  nicht  mehr  "durchdetoniert"  (iiber 
eine  Strecke  von  1100  mm) ,  ist  unter  anderen  "weicheren"  Randbe¬ 
dingungen  als  ungefahrlich,  d.h.  als  nicht  explosionsf ahig  zu 
bezeichnen . 
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Aus  diesem  Grunde  wurde  der  Stahlrohrtest  TNO  50/70  als  Kriterium 
fur  "go"  Oder  "not  go"  gewahlt.  Alle  sonstigen  in  praxi  vorkora- 
menden  EinschluBarten  (Erde,  Schmelze  im  Reaktor)  sind  weniger 
hart  bzw,  liefern  geringere  Triggerschwellenenergien.  Stoffini- 
schungen,  die  bei  diesem  "Sensitivity-Test"  von  der  eingeleiteten 
Detonation  in  langsame  Deflagration  iibergehen  oder  auf  Nullumsatz 
innerhalb  der  Teststrecke  auslaufen  (erloschen),  sind  zwar  immer 
noch  explosionsgefahrlich,  aber  nicht  mehr  als  explosionsfahig 
einzustufen. 

Eine  gleichzeitige  Messung  der  Explosionsgeschwindigkeit  ira  Test- 
rohr  erlaubt  -  neben  dem  Splitterbild  -  weitere  Aussagen. 


Explosivstoff/Erde-Gemische  wurden  schon  friiher  untersucht  /3/, 
da  sie  als  Sediment  in  Abwasserteichen  von  Sprengstof f-Fabriken 
vorkommen . 

So  wurde  z.B.  f estgestellt ,  daB  TNT/Sediment-Gemische  durchaus 
schlagempf indlicher  sein  konnen  als  reines  TNT: 

TNT,  100%:  6  mkp  =  59  Joule, 

TNT/Humus-Sediment  40/60:  0,42  mkp  =  4  Joule. 

Erst  Gemische  hoher  Verdiinnung  (TNT/Humus  <  5/95,  trocken)  errei- 
chen  wieder  die  "Unempf indlichkeit"  von  TNT,  100%  /3/  (Tab.  1). 
Explosivstof fe  hoherer  Empf indlichkeit  wie  TNT/RDX  60/40  Oder 
TNT/RDX  40/60  erreichen  die  Unempf indlichkeit  des  reinen  TNT  erst 
wieder  bei  einer  Verdiinnung  auf  2,5%  Sprengstof f  im  Humus-Sedi¬ 
ment. 

Die  hochste  Schlagempf indlichkeit  von  0,25  mkp  =  2,5  J  erreichen 
die  Mischungen  des  TNT/RDX  40/60-Sprengstof f s  mit  50%  Humus- 
Sedimentanteil  im  Gemisch  sowie  des  TNT/RDX  60/40-Sprengstof f s 
mit  60%  Humus-Sedimentanteil  im  Gemisch  /3/  (Tab.  2). 

Die  mit  steigendem  Sedimentgehalt  zunachst  ebenfalls  steigende 
Schlagempf indlichkeit  und  die  erst  bei  weiter  steigendem  Sedi¬ 
mentgehalt  wieder  abnehmende  Schlagempf indlichkeit  von  TNT/Sedi- 


mentgemischen ,  die  schlieBlich  erst  bei  einer  Verdiinnung  von  2,5% 
TNT  den  Wert  des  reinen  TNT  wieder  erreicht,  hat  das  BICT  wohl 
veranlaBt,  eine  Grenzkonzentration  von  2,5  TNT  vorzuschlagen  /4/. 

Fiir  feuchte  Gemische  brisanter  Explosivstof f e  CHE)  mit  Humus- 
Sediment  (40%  Sprengstoff  im  Gemisch)  -  das  Gemisch  der  hochsten 
Schlagempf indlichkeit  -  wurde  eine  Unempf indlichkeit  gegen  Schlag 
bei  Wassergehalten  von  10-25%  ermittelt  /3/. 

Eine  Fortpf lanzung  der  Detonation  unter  EinschluBbedingungen  wur¬ 
de  jedoch  fiir  Sprengstof fgehalte  <  30%  -  fiir  trockene  Gemische 
mit  Sediment  und  nasse  Gemische  mit  Sediment  (Wassergehalt  20%)  - 
nicht  mehr  beobachtet  /3/  fTab.  3) . 

Mit  40%  Sprengstof fgehalt  im  Sediment  wird  sowohl  fiir  trockene 
als  auch  nasse  Mischungen  (selbst  bei  hbheren  Wassergehalten 
>30%)  eine  detonative  Reaktion  unter  EinschluB  propagiert  (shock 
sensitivity  test)  /3/  (Tab.  3). 

Es  gait  nun,  in  dieser  Arbeit  den  erwahnten  harten  Test  im  TNO- 
Rohr  (detonation  propagation  of  shock  waves  under  confinement)  zu 
verfeinern  in  Bezug  auf  KorngroBeneinf luB  von  Explosivstof f  und 
"Sediment"  (versch.  Erden;  Feinsand,  Grobsand  etc.)-  Als  Modell- 
sand  bot  sich  Quarzsand  an,  der  in  alien  KorngroBen  erhaltlich 
ist.  TNT  handelsiiblich  (1-1,5  mm  KorngroBe)  kann  durch  NaBmahlen 
bis  zu  ca.  10  urn  zerkleinert  werden. 
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2  VERSUCHE  IM  TNO-ROHR 

2.1  Stahlrohrtest  TNO  50/70 

2.1.1  Beurteilungskriterien 

Fur  die  Beurteilung  der  Explosionsfahigkeit  von  TNT/Erdreich  wur- 
de  die  Zerlegung  des  TNO-Rohres  in  Splitter  und  die  Weiterleitung 
des  detonativen  Umsatzes  durch  das  Reaktionsgemisch  untersucht 
(Bild  1) . 

Das  Stoffgemisch  ist  dann  detoniert,  wenn  das  TNO-Rohr  uber  die 
ganze  Lange  vollstandig  in  Splitter  zerlegt  ist.  Wird  keine  voll- 
standige  Zerlegung  des  Rohres  in  Splitter  festgestellt ,  ist  den- 
noch  auf  eine  Detonation  zu  schlieBen,  wenn 

die  Reaktion  iiber  die  ganze  Lange  der  MeBsonde  verlaufen  ist, 
-  die  Weiterleitungsgeschwindigkeit  im  hinteren  Teil  des  Rohres 
konstant  ist  und 

die  konstante  Reaktionsgeschwindigkeit  groBer  als  die  Schall- 
geschwindigkeit  des  Stof fgemisches  ist. 

Es  wurden  daher  das  Splitterbild  fotograf iert,  die  Detonations- 
bzw.  Reaktionsgeschwindigkeit  und  die  Reaktionsstrecke  im  TNO- 
Rohr  bestimmt. 


2.1.2  Ausgangsmaterial 

Fiir  die  Versuche  im  TNO-Rohr  wurde  der  Explosivstof f  TNT  NST  26, 
Guteklasse  80.6  gemaB  TL  1376  801  von  der  BOFORS  EXPLOSIVES  AG, 
Schweden,  eingesetzt: 

Fiir  Gr obmi schunqen  wurde  das  Ausgangsmaterial  mit  einer  mittleren 
KorngroBe  von  1,5  mm  ohne  Nachbehandlung  verwendet. 
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Fiir  Mischunaen  mit  feinem  TNT  wurde  das  Ausgangsmaterial  in  einer 
NaBmuhle  auf  eine  mittlere  KorngroBe  von  0,015  mm  gemahlen  und  im 
Gef riertrockner  getrocknet. 

Fur  Mischunaen  mit  kompakten  TNT-Kdrpern  wurden  zylindrische 
TNT-PreSlinge  aus  Original-TNT  NST  26  hergestellt  (0  =  30  mm; 
h  =  32  mm;  o  =  1,5  g/cm^ ;  G  =  34  g) .  Die  P  30-PreBlinge  wurden 
anschlieBend  mit  einer  axialen  Bohrung  0  =  3  mm  versehen. 

Zur  Untersuchung  des  KornaroBeneinf lusses  von  Bodenmaterial  auf 
die  Detonationsfahigkeit  der  Mischungen  wurden  mehrfach  gewasche- 
ner,  getrockneter  und  gesiebter  Kies  und  Sand  der  FRIEDRICH 
QUARZSANDWERKE,  Karlsruhe,  verwendet: 

Sandqualitat  KorngrdBe  in  mm 
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4, 
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0; 
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Die  Siebanalyse  des  Quarzmehls  W  6  ergab  eine  mittlere  KorngrdBe 
von  0,030  mm. 

Wasserfeuchte  TNT/Erdreichsimulate  hoher  Feuchtigkeit  wurden  mit 
Ton,  Quarzmehl  und  gemahlenem  TNT  angesetzt.  Als  Ton  wurde  Bento- 
nit  (Calcigel)  der  SUD-CHEMIE  AG  verwendet.  Bentonit  hat  in  gru- 
benfeuchtem  Zustand  einen  auffallend  hohen  Wassergehalt  von 
durchschnittlich  35  bis  40%.  Wasser  wird  an  das  wegen  seiner  La- 
mellenstruktur  besonders  quellfahige  Mineral  Montmorillonit ,  das 
im  Bentonit  enthalten  ist,  angelagert. 

Der  Siebriickstand  von  Calcigel  trocken  betragt  bei  einer  Maschen- 
weite  von  0,063  mm  maximal  25%. 
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2.1.3  Probenvorbereitung 

Die  trockenen  Mischungen  wurden  unter  Sicherheitsvorkehrungen  in 
einem  Zwangsmi sober  (Pf lugscharmischer)  hergestellt.  Fiir  die  Her- 
stellung  feuchter  Mischungen  wurden  den  trocken  vorgemischten 
Proben  im  Pf lugscharmischer  die  entsprechenden  Wassermengen  zuge- 
geben  und  eingearbeitet . 


Die  Rohre  wurden  portionsweise  unter  standigen  leichten  Hammer- 
schlagen  gegen  die  Rohrwand  gefiillt.  Diese  Arbeit  muBte  zur  Scho- 
nung  der  Geschwindigkeitssonde  mit  groBer  Vorsicht  ausgefiihrt  wer 
den.  Die  Sonde  ist  namlich  axial  durch  den  Boden  des  Rohres  einge 
fiihrt  und  am  freien  Ende  mit  einer  Ose  arretiert. 

Von  jeder  Mischung  wurde  die  Stampfdichte  nach  DIN  51  916  be- 
stimmt,  um  die  berechnete  Dichte  des  Materials  im  TNO-Rohr  mit 
der  Stampfdichte  vergleichen  und  die  Qualitat  der  Befiillung  kon- 
trollieren  zu  konnen.  Es  zeigte  sich,  daB  die  Materialdichten  im 
Rohr  iiberwiegend  gleich  Oder  hoher  als  die  Stampfdichten  nach  DIN 
waren. 


Erdreichsimulat-Mischungen  aus  Bentonit  und  Quarzmehl  wurden  im 
Pf lugscharmischer  zunachst  trocken  vorgemischt  und  anschlieBend 
mit  dem  gemahlenen  TNT  versetzt.  Bei  Wassergehalten  oberhalb  20% 
ergaben  sich  leicht  bewegliche  Schlamme,  die  sich  luftfrei  in  das 
TNO-Rohr  einfiillen  und  verdichten  lieBen.  Bei  Wassergehalten  un- 
terhalb  von  20%  wurden  je  nach  Wasser/Bentonit-Verhaltnis  pulv- 
rige  bis  brockelige  Massen  erhalten,  die  sich  nicht  luftfrei  ver¬ 
dichten  lieBen.  Um  handhabbare  Mischungen  mit  Wassergehalten  von 
5  bis  35%  herstellen  zu  konnen,  wurden  den  Erdreichsimulat- 
Basismischungen  unterschiedliche  Mengen  an  Quarzmehl  zugegeben. 


Bei  Mischungen  mit  groBeren  TNT-Stiicken  wurden  die  PreBkbrper  auf 
die  axial  im  TNO-Rohr  angeordnete  Geschwindigkeits-MeBsonde  aufge- 
fadelt.  Zwischen  den  TNT-PreBlingen  wurden  zwecks  Einhaltung  der 


vorgegebenen  Distanzen  abgewogene  Sandmengen  eingefiillt.  Nach  je- 
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der  Sandzugabe  wurde  durch  leichte  Hammerschlage  gegen  das  Rohr 
fur  gleichma5ige  Verdichtung  der  Mischung  gesorgt.  Fur  die  Mi- 
schungen  mit  TNT-PreBl ingen  wurde  Feinsand  K  6  (KorngroBe:  0,30 
bis  0,60  mm)  verwendet. 


2.1.4  Versuchsdurchf  iihrung 

Unmittelbar  vor  der  Ziindung  wurde  die  Verstarkerladung  (200  g 
Hexogen)  angebracht;  die  Ziindung  wurde  durch  eine  Sprengkapsel  in 
Normalausfiihrung  (Nr.  8)  initiiert. 

Das  TNO-Rohr  wurde  in  einem  liegenden  Schutzrohr  (0  =  1000  mm, 

1  =  2000  mm,  d  =  40  mm)  konzentrisch  aufgehangt.  Das  MeBsignal 
wurde  mit  einem  Speicheroszillographen  aufgezeichnet . 

Nach  jedem  Versuch  wurden  die  Splitter,  in  die  das  TNO-Rohr  zer- 
legt  worden  war,  eingesammelt  und  zur  Dokumentation  fotograf iert . 
Die  Bilder  2  und  3  zeigen  Splitterbilder  und  MeBsignale  von  je 
einer  detonierten  und  nicht  detonierten  TNT/Sand-Mischung. 


2 . 2  Versuchsauswertung 

Die  Versuchsergebnisse  sind  in  den  Diagrammen  Bild  4  -  Bild  9 
zusammengestellt.  Die  darin  angegebenen  TNT-Konzentrationen  be- 
ziehen  sich  auf  die  Trockenmassen  der  TNT/Sand/( Wasser ) -Gemische . 

Die  griinen  (hellen)  Felder  kennzeichnen  die  Versuche,  bei  denen 
die  Detonation  nicht  weitergeleitet  wurde,  und  die  roten  (dunk- 
len)  die  mit  Weiterleitung  der  Detonation.  Die  zweifarbigen  Fel¬ 
der  markieren  die  Versuchsergebnisse,  bei  denen  die  Detonation 
des  Stof fgemischs  zwar  angesprungen,  aber  nach  einer  kurzen  Reak- 
tionsstrecke  wieder  erloschen  war.  Versuche  im  Ubergangsbereich 
fielen  durch  starke  RuBentwicklung,  d.h.  durch  unvollstandigen 
Umsatz  auf. 
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In  die  Diagramme  sind  folgende  GroBen  eingetragen: 

-  Detonationsgeschwindigkeiten  D  in  m/s 

-  Reaktionsgeschwindigkeit  v  in  m/s 

-  Reaktionsstrecke  RS  in  cm. 

Angaben  von  Reaktionsstrecken  RS  in  den  griinen  (hellen)  Feldern 
der  Diagramme  bedeuten,  daB  zwar  Stoffumsatz  stattgef unden  hat, 
die  Reaktion  sich  aber  nicht  zur  Detonation  entwickeln  konnte. 

Die  MeBstrecke  zur  Bestimmung  der  Detonations-  bzw.  der  Reakti¬ 
onsgeschwindigkeit  und  der  Ausbreitungslange  betrug  111  cm.  Die 
in  den  Diagrammen  angegebenen  Reaktionsstrecken  konnen,  z.B. 
durch  Quotientenbildung ,  mit  der  GesamtmeBstrecke  verglichen  wer- 
den. 


2.3  Bewertung  der  Ergebnisse 

Der  Stahlrohrtest  TNO  50/70  liefert  Daten,  mit  denen  die  Explo- 
sionsfahigkeit  von  Stoffen  und  Stof fgemischen  bestimmt  werden 
kann.  Die  Detonationsgeschwindigkeit  und  das  Splitterbild  aus  dem 
zerlegten  Rohr  geben  Hinweise  auf  die  Brisanz  und  die  Arbeitsfa- 
higkeit  des  Gemisches.  Lange  der  Reaktionsstrecke  und  die  Reak¬ 
tionsgeschwindigkeit  lassen  auf  die  Reaktivitat  des  Stoffes  bzw. 
Stof f gemisches  schlieBen. 

Mit  dem  Stahlrohrtest  TNO  50/70  wurden  die  Grenzkonzentrationen 
Detonation/Nichtdetonation  von  TNT/Sand-Gemischen  in  Abhangigkeit 
von  der  Sandkornung  und  dem  Wassergehalt  mit  TNT  grob  (mittlere 
KorngroBe  1,5  mm)  und  TNT  fein  (mittlere  KorngroBe  0,015  mm)  be¬ 
stimmt  . 

Die  Untersuchung  wasserfeuchter  Mischungen  mit  gemahlenem  TNT 
wurde  nur  mit  Feinsand  von  0,3-0, 6  mm  und  Quarzmehl  <0,2  mm  (mitt¬ 
lere  KorngroBe  0,030  mm)  durchgeftihrt ,  well  groBere  Kornungen  im 
Flotationsverfahren  nicht  zu  erwarten  sind.  Wasserfeuchte  Mi¬ 
schungen  mit  einem  Wassergehalt  uber  20%  konnten  nicht  herge- 
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stellt  werden,  well  Wasserausscheidungen  festgestellt  warden.  Da 
in  den  Flotaten  und  in  den  anfallenden  Schlaminen  der  Aufberei- 
tungsanlage  Wasssergehalte  bis  40%  zu  erwarten  sind,  wurde  die 
Testreihe  erganzt  durch  Versuche,  bei  denen  Mischungen  aus  fein- 
kornigem  Bentonit,  Quarzmehl  und  gemahlenera  TNT  sukzessive  mit 
Wasser  (bis  max.  35%)  versetzt  und  dem  TNO-Rohr-Test  unterworfen 
warden . 

Aus  den  ermittelten  Daten  warden  die  Grenzkonzentrationen  fiir  die 
Explosionsfahigkeit  der  untersuchten  Stof fgemische  abgeschatzt 
und  der  maximal  zulassige  TNT-Gehalt  fur  die  Aufgabe  in  den  Reak- 
tor  vorlaufig  festgesetzt.  Weitere  Untersuchungen  sind  im  Rahmen 
des  Versuchsbetriebs  der  Anlage  vorgesehen. 

Die  ermittelten  TNT-Grenzkonzentrationen  gelten  nur  fiir  die  im 
Stahlrohr  TNO  50/70  getesteten  Mischungen,  sofern  sie  -  fein  ver- 
teilt  -  kontinuierlich  in  den  Reaktor  aufgegeben  werden.  Wahrend 
der  thermischen  Behandlung  im  Reaktor  diirfen  sich  durch  Aus- 
schmelzen  von  TNT  keine  neuen  Explosivstof fansammlungen  bzw.  ex- 
plosionsfahige  Mischungen  bilden. 


Die  Versuchsergebnisse  der  Stahlrohrtests  sind  in  den  Diagrammen 
Bild  4  bis  Bild  9  zusammengef aBt . 

Bei  den  trockenen  Mischungen  mit  TNT  verlauft  die  Grenze  der 
Explosionsfahigkeit  quer  iiber  das  Diagramm  fBild  4  und  5) . 

Trockene  Mischungen  mit  TNT  fein  (0,015  mm)  sind  bei  einigen 
Kornfraktionen  etwas  reaktiver  als  die  mit  TNT  grob.  Die  Grenze 
der  Explosionsfahigkeit  ist  nach  links  zu  niedrigeren  TNT- 
Konzentrationen  verschoben  fBild  51 , 
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Die  Versuchsergebnisse  der  TNO-Tests  mit  wasserfeuchten  Mischun- 
gen  aus  TNT  +  Erdreichsimulaten  hoher  Feuchtigkeit  sind  in  Bild  9 
dargestellt . 

Bei  Wassergehalten  von  mehr  als  20%  waren  die  Mischungen  von  brei- 
artiger  Konsistenz,  ohne  jedoch  Wasser  auszuscheiden.  Wasserge- 
halte  von  weniger  als  20%  ergaben  pulverf ormige  bis  brockelige 
Massen,  die  sich  nur  mit  Muhe  im  TNO-Rohr  verdichten  lieBen  (sie- 
he  Abschnitt  2.1.3  Probenvorbereitung) .  Die  Dichten  der  lockeren 
Mischungen  betrugen  1,2  bis  1,3  kg/dm^ ,  die  der  breiformigen  1,5 
bis  1,6  kg/dm^.  Die  Dichteunterschiede  waren  auf  den  unvermeidli- 
chen  Luftgehalt  der  lockeren  Mischungen  zuruckzufiihren. 

Lockere  Mischungen  wurden  erwartungsgemaB  mit  zunehmendem  Wasser- 
gehalt  unwirksamer  in  Bezug  auf  Detonationsubertragung .  Stieg  der 
Wassergehalt  bis  zum  Bereich  breiartiger  Konsistenz,  nahm  die  De- 
tonationsfahigkeit  sprunghaft  zu.  Bei  weiterer  Erhohung  des  Was- 
sergehaltes  wurden  die  Mischungen  wieder  unempf indlicher . 

Die  Zunahme  der  Detonationsfahigkeit  oberhalb  der  Konsistenzande- 
rung,  hervorgehoben  durch  die  dick  ausgezogene  Trennungslinie  im 
Bild  9.  war  auf  die  sprungartige  Anderung  der  Dichte  zuruckzufiih- 
ren. 

TNT/Erdreichsimulate  20/80  sind  in  alien  Mischungsverhaltnissen 
mit  Wasser  auch  oberhalb  des  Dichtesprungs ,  nicht  detonationsfa- 
hig. 

Bei  TNT/Erdreichsimulaten  30/70  macht  sich  der  Dichtesprung  auf 
die  Explosionsfahigkeit  der  Mischungen  bemerkbar;  Die  Mischung 
mit  25%  Wasser  ist  detonationsfahig.  Bei  starkerer  Verdunnung  mit 
Wasser  und  bei  Wassergehalten  unter  25%  sind  die  Mischungen  nicht 
mehr  explosionsfahig. 

TNT/Erdreichsimulate  40/60  sind  nur  noch  in  dem  schmalen  Band 
zwischen  10  und  20%  Wasser  nicht  mehr  detonationsfahig.  Trockene 
Mischungen  mit  5%  und  nasse  Mischungen  oberhalb  25%  Wasser  sind 
dagegen  sehr  reaktiv  (Bild  91 . 
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Aus  Sandmischungen  mit  TNT-PreBl ingen  wurden  drei  Ladungen  mit 
TNT-Gehalten  von  10%,  15%  und  19%  hergestellt  und  im  TNO-Rohr 
angesprengt.  Die  Ladungen  enthielten  pro  Rohr  10,  15  und  19  zylin- 
drische  TNT-PreBlinge  mit  einem  Stuckgewicht  von  34  g.  Die  PreB- 
linge  waren  in  Abstanden  von  71,  42  und  28  mm  angeordnet.  Samtli- 
che  Ladungen  detonierten  nicht  vollstandig  durch. 

Dies  bedeutet,  daB  bei  Transport  und  Handhabung  (auch  bei  mechani- 
scher  Beanspruchung? )  von  Erdreich,  das  15%  TNT  in  Stucken  mit 
einem  Durchmesser  von  30  mm  enthalt,  eine  initiierte  Detonation 
nicht  weitergeleitet  wird.  Die  Ergebnisse  der  Modellversuche  be- 
durfen  allerdings  der  Bestatigung  durch  Versuche  im  TNO-Rohr  mit 
Gemischen  aus  Erde  +  TNT. 

Die  Annahme,  daB  beim  Eintauchen  von  TNT-Stucken  in  eine  Schmelze 
mit  einer  Temperatur  von  1600 “c  trotz  des  Temperaturschocks  keine 
explosionsartige  Zersetzung  des  Sprengstoffs  erfolgt,  muB  noch  un- 
tersucht  werden. 


3  FOLGERUNGEN  AUS  DEN  TESTS  IM  TNO-ROHR 

Fur  trockene  Gemische  aus  TNT  und  Boden  (Erde,  Sand,  Lehm)  lassen 
sich  unter  extremen  EinschluBbedingungen  Abhangigkeiten  der  Ex- 
plosionsfahigkeit  erkennen,  die  je  nach  PartikelgroBen ,  sowohl 
des  TNT  als  auch  des  Inertstoffs  Sand,  einer  groBeren  Schwankungs- 
breite  unterliegen:  15-40%  TNT  im  Gemisch  mit  Sand,  trocken 
(Bild  4  und  5) . 

Bei  nassen  TNT-Sandgemischen  bis  zu  20%  Wassergehalt  ist  die  Ex- 
plosionsfahigkeit  weniger  von  der  KorngroBe  des  Sandes  abhangig. 
Die  Schwankungsbreite  betragt  30-40%  TNT;  sie  ist  wesentlich 
schmaler  als  bei  trockenen  Mischungen  (Bild  6-8) . 
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Da  Feuchtegehalte  iiber  20%,  besonders  in  grobem  Sand,  wegen  der 
Wasserausscheidung  nicht  ohne  weiteres  verifiziert  werden  konn- 
ten,  muBte  die  Versuchsreihe  mit  feuchtem  Sand  modifiziert  fortge- 
setzt  werden:  Es  wurden  feinkornige  Bentonit/Quarzmehl-Mischungen 
(TNT/Erdreichsimulate)  hergestellt,  die  sich  durch  ein  hohes 
Wasserruckhaltevermbgen  auszeichnen . 

Die  Erweiterung  der  NaBversuche  brachte  ein  iiberraschendes  Ergeb- 
nis:  Nicht  explosionsf ahige  trockene  TNT/Erdreich-Grundmischungen 
kbnnen  bei  schrittweiser  "Verdiinnung"  mit  Wasser  unversehens  ex¬ 
plosionsf  ahig  werden  und  oberhalb  eines  bestimmten  Wasseranteils 
die  Explosionsfahigkeit  wieder  verlieren  (Bild_9:  TNT/Erdreich 
30/70  nach  Zusatz  von  5,  25  und  35%  Wasser).  Andererseits  kbnnen 
explosionsf ahige  Grundmischungen  ab  einem  bestimmten  Wasseranteil 
ihre  Explosionsfahigkeit  verlieren  und  bei  noch  hbherem  Was- 
sergehalt  wieder  explosionsfahig  werden  (Bild  6i  TNT/Erdreich 
40/60) . 

Die  Ursache  dieses  Phanomens  ist  im  Dichtesprung  der  TNT/Erd- 
reich-Mischungen  ab  einer  bestimmten  Wasserkonzentration  zu  su- 
chen:  Unterhalb  des  Dichtesprungs  sind  die  Mischungen  locker  mit 
unvermeidlichen  Lufteinschliissen,  oberhalb  des  Dichtesprungs  wer¬ 
den  die  Mischungen  plastisch  und  enthalten  keine  Lufteinschliisse 
mehr . 

Nach  Bild  9  sind  TNT/Erdreich-Mischungen  jedoch  bis  zu  20%  TNT  in 
der  Grundmischung  (trocken)  nicht  explosionsfahig,  unabhangig  vom 
Wassergehalt . 

Eine  weitere  Uberraschung  lieferten  die  Versuche  mit  TNT-Kbrpern, 
die  in  Sand  eingebettet  waren.  Die  Abstande  der  TNT-Kbrper  wurden 
schrittweise  bis  auf  28  mm  verkiirzt.  Trotz  des  geringen  Ladungs- 
abstandes  und  der  starken  Verstarkungsladungen  von  200  g  Hexogen 
wurde  die  Detonation  nicht  weitergeleitet . 


Generell  ist  zu  den  TNO-Rohr-Tests  folgendes  anzumerken: 

Die  erzielten  Ergebnisse  -  der  Abhangigkeit  vom  TNT-Gehalt,  von 
der  KorngroBe  und  der  Feuchtigkeit  -  zeigen  zwar  eindeutig  Ten- 
denzen  auf,  wie  in  den  Bildern  4-9  dargestellt.  Es  ist  aber  zu 
bedenken,  daB  bei  alien  Arten  der  Sensitivity-Tests  (auch  fiir  das 
TNO-Rohr)  gewisse  Imponderabilien  mitspielen,  die  eine  Unsicher- 
heit  beinhalten.  Mit  anderen  Worten:  es  muB  zur  Erhartung  der 
Sensitivity-Grenzen  ein  Minimum  an  Statistik  betrieben  werden 
(wie  z.B.  zur  Bestimmung  der  Schlag-  und  Reibempf indlichkeit  be- 
kannt  ist) . 

Bei  der  Schlagempf indlichkeitsbestimmung  nach  BAM  darf  von  6  Wie- 
derholungen  eines  MeBwertes  keiner  eine  Reaktion  zeigen.  In  den 
USA  werden  30  Wiederholungen  vorgezogen,  von  denen  max.  50%  Reak¬ 
tion  zeigen  diirfen.  Ein  solcher  Aufwand  ist  jedoch  enorm  arbeits- 
und  kostenintensiv  und  hier  nicht  realisierbar . 

Die  von  uns  meBtechnisch  verfeinerte,  gleichzeitige  Messung  der 
Reaktionsgeschwindigkeit  im  TNO-Rohr  mittels  Widerstandssonde 
laBt  Geschwindigkeitsmessungen  bis  unter  1000  m/s  zu. 
Beispielsweise  ist  die  Schallgeschwindigkeit  Vg  =  ca  200  m/s 
eines  Gemisches  noch  meBbar. 

Daneben  steht  das  Splitterbild  des  Versuchsrohres  nach  einer  Re¬ 
aktion  als  Kriterium  fur  die  "Arbeitsf ahigkeit"  eines  Explosiv- 
stoffs  bzw.  Explosivstoff/Erde-Gemischs  zur  Verfiigung.  Wie  sich 
in  den  bisherigen  Versuchen  gezeigt  hat,  kann  Splitterbildung 
auch  bei  erheblich  "verdunntem  TNT"  auftreten,  das  rein  kalorisch 
betrachtet  (Kalorimeterbombe)  keine  hohe  Arbeitsf ahigkeit  liefern 
kann.  Die  guten  Ubertragungseigenschaften  (Impedanz)  des  inerten 
"Fullstoffs  Sand"  erhohen  aber  die  Wirkung  des  Explosivstof f s  auf 
die,  die  Reaktionsstrecke  umhiillende  Umgebung.  Die  Wirkung  des 
reinen  Explosivstof fs  ( Wirkungsgrad  der  Arbeitsf ahigkeit )  wird 
"in  fester  Umgebung"  gegeniiber  gasformiger  Umgebung  (Schuttung 


mit  Luftporen  in  Atmosphare)  stark  erhoht.  (Vgl.  die  schiebende 
Wirkung  im  Bohr loch  mit  Sprengstoff  niedriger  Detonationsge- 
schwindigkeit) . 
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Table  1:  Impact  sensitivity  as  a  function  of  TNT-humus 

sediment  concentration  (after  /3/,  table  3) 
(ERL-Type  12  Tool,  2^/2-kg  drop  weight) 


TNT  concentration 

(%  by  wt) 

Height 

(cm) 

Fired 

(%) 

Type  reaction 

100 

240 

55 

Explosion 

100 

240 

70 

Burn 

80 

92 

50 

Explosion 

80 

23 

50 

Burn 

40 

78 

50 

Explosion 

40 

17 

50 

Burn 

20 

34 

50 

Burn 

10 

131 

50 

Burn 

5 

240 

52 

Burn 

Table  2:  Impact  sensitivity  as  a  function  of  60/40  TNT/RDX- 

humus  sediment  concentration  (after  /3/,  table  4) 
(ERL-Type  12  Tool,  2^/2-kg  drop  weight) 

Explosive  concentration  Height  Fired 


(%  by  wt) 

(cm) 

(%) 

100 

84 

50 

40 

<10 

50 

10 

77 

50 

5 

111 

50 

2.5 


240 


0 
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Table  3:  Shock  test  results  as  a  function  of  explosive-humus 

sediment  concentration  (after  /3/,  table  7) 

Explosive  Concentration  Results 
(%  by  %rt;) 


TNT 


RDX 


60 

Propagation  -  hole  in  steel 

witness 

plate 

50 

Propagation  -  hole  in  steel 

witness 

plate 

40 

Propagation  -  steel  witness 

plate  split 

in  two 

30 

No  propagation 

40 

Propagation  -  hole  in  steel 

witness 

plate 

30 

No  propagation 

20 

No  propagation 

60/40  TNT/RDX  40 

30 
25 


Propagation  -  hole  in  steel  witness  plate 
No  propagation 
No  propagation 


40/60  TNT/RDX  40 

30 
25 


Propagation  -  hole  in  steel  witness  plate 
No  propagation 
No  propagation 


60/40  TNT/RDX  50 

(20%  by  wt  H2O) 

40 

30 


Propagation  -  steel  witness  plate  split 
into  three  pieces 

Propagation  -  steel  witness  plate  split 
into  two  pieces 

No  propagation 
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substance  under  investigation 
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dimensions  in  mm 


FOR  SOLIDS 


Bild  1:  TNO  50/70  STEEL  TUBE  TEST 


Test  1  (a)(il) 


!  K  J  H  :  ]  .1  .  _  ;  0.e80m s  Di^T E  : N o u  01/ 9 


40  30  TNT^  =.  3:7  (10  %  Wasser) 


Bild  3:  TNO-Rohr  80 

TNTgrob'Sandfein  =  3^7  (10%  Wasser) 

TNT/Sand/Wasser  =  27/63/10 
V  =  275  m/s  RS  =  44  cm 


TNT% 


TNT% 


TNT  fern  0.015  mm  !  10%  H2O 


TNT% 
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PHENOMENOLOGICAL  ASPECTS  OF  BLAST  OUTPUT  FROM  THE 
HETEROGENEOUS  DETONATION  OF  ENERGETIC  COMPOSITIONS 

Allen  J.  Tulis,  James  L.  Austing,  and  Remon  Dihu 
IIT  Research  Institute 
Chicago,  Illinois  60616,  U.S.A. 

Divyakant  L.  Patel  and  David  C.  Heberlein 
U.S.  Army  CECOM 

Fort  Belvoir,  Virginia  22060,  U.S. A. 

ABSTRACT 

The  detonability  of  heterogeneous  fuel/oxidizer  compositions,  in 
particular  various  carbohydrates  such  as  starch  and  lactose,  to  which  small 
amounts  of  flaked  aluminum  powder  are  added,  has  been  previously  demonstrated; 
these  were  tested  as  condensed  compositions  in  one-dimensional  confined  steel 
tubes  and  as  dispersions  in  air  in  a  detonation  tube.  In  this  paper  the 
characterization  and  associated  phenomenological  aspects  of  these  compositions, 
when  dispersed  in  air  in  an  unconfined  manner,  is  presented.  These  compositions 
were  explosively  dispersed  in  air  upon  an  instrumented  blast-pad  arena  so  that 
both  detonation  pressures  and  impulses  within  the  dispersed  dust  clouds  could  be 
monitored  using  piezoelectric  pressure  transducers  located  flush  with  the  ground 
in  the  blast  pad.  In  support  of  the  earlier  one -dimensional  detonation  tube 
experiments,  results  demonstrated  various  phenomena  such  as  multiple  fronts  and 
extended  reaction  zones  in  the  detonations  that  were  achieved.  In  most  cases 
variable  amounts  of  high  explosive  powder  (RDX)  were  added  to  the  compositions 
in  order  to  assure  the  propagation  of  detonation  in  the  grossly  inhomogeneous 
concentrations  that  are  obtained  in  explosively  dispersed  powders;  also  ammonium 
perchlorate  oxidizer  was  added  to  balance  the  stoichiometry.  Based  on 
analytical  computations  using  the  TIGER  Code  for  Chapman-Jouguet 
characteristics,  the  composition  selected  for  this  initial  evaluation  was 
60 [ 70/30  ]/40  by  weight  f lactose/aluminum ] /ammonium  perchlorate,  at  average 
calculated  concentrations  ranging  from  0.77  to  5.5  kg/m^,  and  sensitized  with 
RDX  powder  amounts  from  zero  to  50  weight  percent.  Observed  average  detonation 
velocities  were  in  the  range  of  1400  to  1700  m/s,  compared  to  Chapman-Jouguet 
velocities  of  about  1950  m/s.  Observed  detonation  pressures  often  displayed 
multiple  peaks  with  extended  plateaus,  indicating  multiple  detonation  fronts 
with  extended  reaction  zones.  In  numerous  instances  multiple  blast-pressure 
responses  were  also  observed  at  various  distances  outside  of  the  detonating 
linear-type  clouds  at  locations  orthogonal  to  the  clouds. 


INTRODUCTION 


Carbohydrates  such  as  starch  and  lactose,  whose  molecules  are  composed  of 
carbon,  hydrogen,  and  oxygen  (CHO  molecules),  become  extremely  energetic  when 
mixed  with  a  highly  calorific  metallic  powder  such  as  aluminum  (Al)  and 
subsequently  combusted  in  air  (Tulis  et  al.,  1994a).  Both  starch  powders 
(Kauffman  et  al.,  1984)  and  Al  powders  (Tulis  and  Selman,  1982)  have 
demonstrated  their  potential  of  detonating  when  suitably  dispersed  in  air.  The 
criteria,  however,  are  very  severe,  especially  in  regard  to  particle  size;  but 
also  in  regard  to  stoichiometry  with  oxygen  of  the  air  and  homogeneity  of  the 
dispersed  concentrations.  In  the  absence  of  oxygen  from  air,  although  CHO/Al 
mixtures  have  sufficient  exothermic  energy  release  to  detonate  (Tulis  et  al., 
1989),  they  are  very  deficient  in  oxidizer.  Hence,  by  providing  additional 
oxidizer  such  as  ammonium  perchlorate  (AP)  to  these  mixtures,  detonation  of 
these  compositions  can  become  independent  of  air.  This  has  been  demonstrated  by 
achieving  detonation  of  various  compositions  of  CHO/Al/AP  without  RDX  dispersed 
in  nitrogen  gas  in  a  detonation  tube  investigation  (Tulis  et  al.,  1995a). 

Analytical  TIGER  Code  Chapman- Jo uguet  (CJ)  computations  have  been 
conducted  on  the  CHO/Al/AP  compositions  in  regard  to  the  composition  and 
concentration  parameters  (Dihu  et  al.,  1995).  These  computations  provided  a 
basis  for  selecting  the  specific  compositions  that  have  been  investigated  in  the 
detonation  tube  experiments  by  Tulis  et  al.,  as  well  as  in  the  explosively 
dispersed  unconfined  CHO/Al/AP  powders  in  air  experiments,  which  are  the  subject 
of  this  paper.  However,  in  both  the  detonation  tube  studies  and  in  these 
unconfined  experiments,  various  amounts  of  RDX  powder  sensitizer  were  added  to 
most  of  these  CHO/Al/AP  compositions  in  order  to  sustain  stable, 
self -propagating  detonations.  This  was  an  experimental  expedient,  since 
analytical  computations  have  demonstrated  that  the  addition  of  RDX  does  not 
appreciably  influence  the  detonation  characteristics  (Tulis  et  al.,  1994b).  The 
work  presented  in  this  paper  involves  an  experimental  investigation  of  the 
CHO/Al/AP  composition  6C 170/30 3/40  by  weight  [lactose/aluminum  3 /ammonium 
perchlorate,  at  average  calculated  concentrations  ranging  from  0.77  to  5.5 
kg/m^,  sensitized  with  RDX  powder  amounts  from  zero  to  50  weight  percent.  The 
RDX  component,  especially  at  the  upper  limit  of  50  percent,  would  probably 
detonate  even  if  the  other  50  percent  were  an  inert  powder. 

Detonation  of  the  CHO/Al/AP  components,  especially  without  any  RDX 
present,  is  a  truly  heterogeneous  mechanism  involving  several  separate,  but 
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inter-dependent,  sequential  and/or  concurrent  mechanisms  of  decomposition, 
oxidation,  reduction,  and  perhaps  other  complex  parameters  dependent  upon  system 
chemical  and  physical  factors  such  as  particle  size  and  distribution  of  the 
various  components. 

EXPERIMENTAL  PROCEDURES 

The  experimental  procedure  for  achieving  a  sufficiently  long  linear-type 
dispersion  (cloud)  was  to  use  five  individual  canisters  placed  in  a  line  along 
the  north  section  of  the  blast  pad.  Figure  1  illustrates  this  experimental 
set-up  as  observed  from  above  the  blast  pad.  Four  of  the  five  individual 
canisters  contained  nominally  4.5  kg  of  the  test  composition.  The  first 
canister  contained  an  identical  amount  of  an  89:11  weight  ratio  of  RDX:A1 
powder;  this  initiation  scheme  has  been  found  to  be  useful  for  achieving 
detonation  initiation  of  experimental  cloud  compositions  by  providing  an 
initiation  wave  of  comparable  detonation  velocity  to  that  anticipated  in  the 
experimental  clouds. 

The  spacing  of  the  canisters  was  an  experimental  parameter  determined  by 
the  requirements  of  a  specific  experiment.  For  example,  as  depicted  in  Figure 
2,  the  times  for  initiation  of  the  dispersal  explosive  charge  were  varied  in 
canisters  2  through  5;  thus,  when  the  detonation  initiation  charge,  frequently 
termed  the  second  event,  was  detonated  at  the  far  end  of  the  first  canister,  the 
four  test  canisters  had  dispersed  their  powders  each  for  a  different  duration, 
hence  forming  a  different  size  cloud  with  an  attendant  concentration  variation. 
The  spacing  of  the  canisters  was  selected  to  provide  a  moderate  overlap  between 
adjacent  clouds  to  allow  detonation  coupling  of  these  cylindrical  clouds. 

It  should  be  noted  that,  based  on  past  investigations  of  similar 
experimental  methodology,  the  detonation  does  not  progress  through  the  five 
cloud  dispersions  in  a  truly  linear  fashion.  Rather,  it  follows  a  somewhat 
circuitous  path  around  each  canister  due  to  the  fact  that  the  concentration  is 
variant  in  a  gradient  about  each  canister,  with  the  greatest  concentration 
somewhere  between  the  canister  and  the  furthest  extremity  of  the  dispersed 
cloud.  For  this  reason  the  measured  (piezoelectric  pressure  transducers)  and 
observed  (high  speed  cine  records)  data  yield  detonation  velocities  that  are 
probably  somewhat  lower  than  the  actual  "circuitous"  routing  would  yield.  This 
circuitous  detonation  routing  has  been  previously  observed  in  high  speed  cine 
records  taken  from  an  overhead  perspective. 
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Figure  1.  Experimental  Arrangement  for  the  Majority  of  the  Linear  Cloud 
Detonation  Tests,  as  viewed  from  Above. 


Figure  2.  Experimental  Arrangement  for  the  Linear  Cloud  Detonation  Tests  in 
which  an  Incrementally-Decreasing  Dispersed  Density  was  Utilized, 
as  viewed  from  Above. 


EXPERIMENTAL  EFFORT 
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Each  experiment  provided  four  individual  test  canisters  which  allowed  the 
imposition  of  up  to  four  variables  per  experiment.  In  this  effort,  these 
variables  were:  (1)  the  amounts  of  RDX  powder  sensitizer  and  (2)  the 
concentrations.  Obviously,  other  variables  could  also  be  imposed,  such  as 
variation  of  CHO/Al/AP  composition,  particle  size  of  individual  components,  etc. 
The  investigation  of  these  additional  variables,  and  others  such  as  another  type 
of  oxidizer  in  lieu  of  the  AP  (for  instance  ammonium  nitrate  or  ammonium 
dinitramide) ,  are  presently  planned  and  are  expected  to  be  conducted  in  the 
future. 

It  needs  to  be  emphasized  that,  contrary  to  the  detonation  tube 
experiments  wherein  concentration  is  fairly  well  controlled,  in  these 
explosively  dispersed  clouds  there  exists  much  greater  variability  of 
concentrations.  Explosive  dissemination  modeling  of  explosive  dispersions  in 
air  as  were  conducted  here  (Gidaspow  et  al.,  1988)  showed  very  non-uniform 
powder  distributions,  with  the  powder  emanating  as  a  concentrated  slug  of 
material  initially,  with  the  bulk  of  the  dispersed  powder  near  the  periphery  of 
the  dispersed  cloud.  This  accounts  for  the  previous  reference  to  the 
concentration  gradients  within  the  cloud. 

Several  initial  experiments  were  conducted  in  which  the  dispersed 
concentrations  were  similar;  i.e.,  all  were  dispersed  at  the  same  time  and 
initiated  at  the  same  time.  Therefore,  the  concentration  profiles  (and 
associated  cloud  sizes)  were  quite  similar,  as  is  illustrated  in  Figure  1.  The 
parameter  in  these  experiments  was  the  amount  of  RDX  powder  sensitizer  that  was 
added.  This  variation  was  50,  40,  30,  and  20  weight  percent  in  an  initial 
experiment,  and  then  20,  15,  10,  and  5  percent,  and  15,  10,  5,  and  0  percent, 
respectively,  in  subsequent  experiments.  Of  course,  the  dissemination  time  was 
also  critical,  so  that  this  test  parameter  needed  to  be  tested  so  that  variable 
concentrations  would  be  achieved  with  the  same  composition.  In  this  case  an 
alternative  methodology  was  used,  in  which  the  dissemination  times  were 
variable.  In  this  case  the  four  canisters  contained  identical  compositions  and 
RDX  sensitizer  but  yielded  different  concentrations  (and  associated  cloud  sizes) 
as  is  illustrated  in  Figure  2.  Finally,  for  conclusively  ascertaining  true 
stability  of  detonation  propagation,  experiments  were  conducted  in  which  all 
four  canisters  were  identical,  both  in  composition  and  in  dispersed 
concentration.  In  this  manner  the  stabilities  an  more  precise  detonation 
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velocities  could  be  established,  as  linear-type  clouds  of  the  experimental 

compositions  more  than  10  m  long  were  achieved,  so  that  incremental  detonation 
velocities  were  obtained  at  multiple  stations  along  the  full  lengths  of  the 
linear-type  clouds. 

Some  typical  results,  as  well  as  phenomenological  aspects,  of  the 

experiments  conducted  will  now  be  presented.  Figure  3  illustrates  the  observed 
linear  progression  of  detonation  along  the  north  leg  of  the  blast  pad,  as 
determined  from  the  arrival  times  of  the  detonation  pressure  at  the 
flush-mounted  piezoelectric  pressure  transducers  in  the  blast  pad.  In  this 
experiment  the  basic  composition  was  used  with  30  weight  percent  RDX  powder 
sensitizer  additive:  70C60 (70/30)/40 ]/30,  or  29:13:28:30  of  CHO: Al: AP:RDX, 
respectively,  by  weight  ratio.  All  four  dispersed  clouds  were  of  identical 

composition  and  the  same  concentration,  which  was  estimated  to  be  approximately 
1.12  kg/ra^  on  average,  based  on  the  total  mass  of  the  powder  distributed 
homogeneously  within  the  cloud  volume  as  grossly  calculated  from  the  high  speed 

cine  records.  It  is  seen  that  the  detonation  velocity,  which  started  low  at  the 

dispersed  RDX/Al  detonation  initiation,  increased  to  a  fairly  uniform  velocity 
within  the  major  portion  of  the  linear-type  cloud,  with  some  fall-off  near  the 
end  of  the  cloud  (as  concentration  was  dissipated).  This  "slow  start"  could  be 
a  manifestation  of  induction  time  for  initiation  of  the  test  composition  at  the 
interface  of  the  RDX/Al  detonation,  a  "coupling"  phenomenon  we  have  previously 
observed  in  many  initiations  of  detonation  in  dispersed  powders,  including  RDX. 
Even  with  this  slow  start  and  the  end  fall-off  of  velocity,  the  average 
experimental  velocity  was  only  about  300  m/s  slower  than  the  analytically 
predicted  CJ  velocity  of  1960  m/s;  and  this,  we  might  add,  is  based  on  ideal 
detonation  of  the  composition. 

Regarding  detonation  pressures,  the  results  are  much  more  complex  in  that 
classical  pressure  responses  were  generally  not  obtained;  i.e.,  the  phenomena  of 
multiple  pressure  fronts  and  extended  pressure  plateaus  were  observed.  In  some 
instances,  the  initial  peak  pressure  was  substantially  lower  than  a  subsequent 
pressure,  lagging  the  incident  pressure  by  as  much  as  150  ms,  and  even  more  in 
some  very  complex  waveforms.  Figure  4  displays  a  comparison  between  two  typical 
detonation  pressure  waveforms  in  one  experiment  observed:  (1)  within  the  RDX/Al 
canister  initiating  detonation  cloud  and  (2)  at  a  section  of  the  dispersed 
linear-type  cloud  where  the  CHO/Al/AP/RDX  dispersion  detonated.  It  is  apparent 
that  in  (1)  a  nearly  classical-type  pressure  waveform  was  achieved  whereas  in 
(2)  a  complex,  multiple  front  and  extended  reaction  zone  waveform  was  manifest. 


Detonation  Velocity,  m/s 
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Distance  from  Initiation  Charge,  m 


Figure  3.  Incremental,  Average,  and  CJ  Detonation  Velocities  for 
Dispersed  Lactose/Aluminum/Ammonium  Perchlorate  at  an 
Average  Concentration  of  1.12  kg/m^. 


CATALYST  3.03  A=  5.500  mU  dA=  583  nU  T-  606  us 


40 


9 


l-d 

Jx  \ 
mz>  w 

© 

o  o 
x:  in 


1! 

. 

*p! 

O 

H 

m 

•H 

M 

Q) 

-U 

CO 

O 

•  C 

3 

a>  o 

t3 

U  4J 

m 

3  <U 

c:i 

4J  O 

nj 

tO 

M 

!-i 

H 

PJ  eg 
bO  P) 

B 

•H  O 

OJ 

C/0  (U 

© 

!.< 

3 

c 

0)  0) 

CO 

)M  bO 

CO 

0) 

3  O 
CO  V/ 

• 

).C 

CO  QJ 

P4 

01  4J 
U  OJ 

i; 

O)  B 

II 

W) 

H 

•H 

c 

K 

o  Cl) 
•H  rH 

O 

4J  & 

& 

CO  g 

4J 

P!  O 

o  u 

u 

-u  z 

o 

QJ 

m 

Q  X 

CO 

r  § 

© 

u 

I— 1 

CO  PM 

£ 

O  < 

■M 

•H  — ~ 

© 

CO 

c 

CO  CuJ 
CO  <C 

CO 

bO 

cO 

■H 

rH  O 

c/] 

U  B 
r  o 

II 

CU 

© 

•S 

QJ  QJ 

H 

J 

a  a 
CO  CO 

0) 

>4  5M 

H  H 

S 

CO 

Ml  Ml 

CO 

QJ  QJ 

cu 

CM  ^ 

© 

Vj 

CM  O 

£ 

Pm 

P  J 

© 

. 

© 

<0- 

in 

0) 

}M 

CO 

3 

bO 

■H 

II 

Pm 

<L 

Figure  5  illustrates  four  more  such  typical  detonation  pressure  waveforms 
observed  in  a  number  of  other  experiments,  in  the  CHO/Al/AP/RDX  linear-type 
cloud  detonation  regions. 

Hany  of  the  much  more  complex  waveforms  that  were  observed  are  not 
illustrated  here  since  they  are  not  at  present  confirmed  not  to  be  anomalous 
instrumental  behavior.  It  is,  nevertheless,  believed  that  they  represent  true 
manifestations  of  the  complex  nature  of  these  heterogeneous  detonations  and 
perhaps  indicate  waveform  coalescence  and  other  physical  manifestations  of  the 
detonation  process.  Since  the  detonation  probably  travels  in  a  circuitous  route 
about  the  individual  clouds,  it  can  readily  coalesce  at  some  points,  resulting 
in  overdriven  observed  pressures,  and  possibly  inducing  spikes  in  the  measured 
detonation  velocities  as  well.  It  must  be  emphasized,  however,  that  these 
phenomenological  aspects  have  been  unequivocally  observed  in  detonation  tube 
experiments  of  CHO/Al/AP  compositions  detonated  in  nitrogen  and  that  these 
results  of  unconfined  CHO/Al/AP/RDX  cloud  detonations  were  anticipated  and 
support  the  detonation  tube  experiments. 

This  investigation  is  continuing,  both  in  detonation  tube  experiments  and 
in  these  unconfined  experiments,  with  the  intent  to  better  resolve  the  nature  of 
these  heterogeneous  detonations  of  highly  promising  insensitive  explosive 
compositions  for  use  in  dispersed,  as  well  as  condensed,  applications . 

CONCLUSIONS 

The  detonation  of  insensitive  energetic  compositions  based  on  CHO/Al/AP 
mixtures,  sensitized  with  RDX  in  most  cases,  is  readily  achieved  when  these 
powders  are  dispersed  in  air  in  an  unconfined  manner.  In  accordance  with 
analytical  TIGER  Code  CJ  computations,  the  detonation  characteristics  appear  to 
be  directly  related  to  composition  concentrations  independent  of  the  presence  of 
oxygen  from  ambient  air.  In  related  detonation  tube  studies  (Tulis  et  al., 
1995b)  involving  the  detonation  of  various  CHO/Al/AP  compositions  in  nitrogen  in 
the  absence  of  FDX  sensitizer,  heterogeneous  mechanisms  involving  the  individual 
CHO,  Al,  and  AP  components  of  the  compositions  were  determined  to  be  involved. 
Results  yielded  multiple  detonation  fronts  as  well  as  extended  reaction  zones. 
When  RDX  sensitization  was  included,  the  detonation  mechanisms  were  especially 
complex;  primary  detonation  fronts  involved  the  RDX,  but  the  presence  of  flaked 
Al  had  a  tendency  to  reduce  the  induction  time  between  the  shock  and  the  flame 
(reaction)  fronts.  The  major  critical  requirement  for  achieving  detonation  was 
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determined  to  be  sufficiently  small  particle  sizes  of  the  components,  especially 
of  the  Al,  which  plays  a  major  role  in  the  energetics  of  the  compositions. 

As  the  detonation  tube  experiments  confirmed,  and  these  unconfined 
experiments  support,  the  proviso  that  if  the  stoichiometry  of  the  compositions 
is  adequate;  e.g.,  by  the  inclusion  of  an  oxidizer  such  as  AP,  the  detonation  of 
CHO/Al/AP  compositions  becomes  independent  of  oxygen  from  air.  The  unconfined 
experiments  described  in  this  paper  were  conducted  at  average  concentrations  as 
high  as  5.5  kg/m^,  which  is  more  than  an  order  of  magnitude  higher  than  the 
stoichiometric  concentration  in  air  if  combustion  in  air  were  the  criterion,  yet 
near-CJ  detonations  were  achieved. 


Another  aspect  of  these  unconfined  CHO/Al/AP  detonations  is  the 
probability  that  chemical  reactions  continue  after  the  primary  heterogeneous 
detonation  itself;  in  particular  as  the  hot,  reactive  and  often  insufficiently 
oxidized  products  expand  into  the  surrounding  air,  allowing  further  exothermic 
energy  releases  which  may  enhance  the  overall  detonation  blast  outputs,  probably 
manifested  as  extended  blast  pressures  and/or  secondary  blast  waves.  As  was 
noted  in  the  results  of  these  unconfined  detonations,  blast  pressures  measured 
orthogonal  to  the  linear-type  clouds  often  resulted  in  such  multiple  blast 
pressure  waves. 


Finally,  although  not  an  issue  in  this  paper,  these  insensitive  CHO/Al/AP 
explosives  provide  explosive  energies  comparable  to  those  of  typical  secondary 
high  explosives  such  as  TNT  and  RDX,  whether  condensed  or  dispersed  in  air. 
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Abstract 

TNO-PML  has  investigated  some  alternative  methods  for  the  disposal  of  munitions,  as  was  published  before 
(ref.  8). 

From  our  investigations  it  turned  out  that  controlled  combustion  is  the  most  mature,  promising  and  universally 
applicable  technique.  Controlled  combustion  makes  use  of  a  closed  furnace  system;  most  promising  for  the 
situation  in  the  Netherlands  seems  the  fluidized  bed  oven  (FBO).  Additional  scrubbing  systems  (dry  chemical  / 
wet)  are  needed  to  remove  the  remaining  hazardous  products  like  HCl,  SO2,  NO^. 

In  this  article  we  describe  the  succesfully  combustion  of  slurries  of  explosives  and  propellants  in  the  FBO, 
altogether  more  then  1000  kg. 

Special  attention  was  paid  for  the  disposal  of  pyrotechnics  and  initiators. 

Calculations  for  a  complete  disposal  unit  were  made. 


1.  Problem  description. 


The  disposal  of  munitions  and  explosives  is  in  fact  the  last  phase  in  the  life  time  cycle  of  these  ordnance  items. 
To  put  them  in  the  right  perspective  it  is  necessary  to  overview  the  whole  cycle: 


Procurement- 

phase 


In  service- 
phase 


tactical  study 

demands 

trials 

comparative  bids 
contract 

transportation 

storage 

trials 

exercises 

usage 

maintenance 

modifications  like;  *other  fuze 

*  other  warhead 
*exercise  from  HE 


End  of  life  time- 
phase 


sell 

reversed  assembly 

recycle 

disposal 


This  sceme  was  discussed  in  detail  in  one  of  our  previous  publications  (ref.8) 


41 


3 


2.  Pre-treatment 

A  good  separation  between  the  explosive  and  the  metal  parts  of  the  munitions  is  mandatory  for  a  more 
economic  disposal  procedure.  In  this  way  materials  can  partly  be  reused  and  the  controlled  combustion  will  be 
more  efficient. 

Reverse  assembly  or  disassembly  is  the  conventional  pre-treatment  of  munitions:  it  includes  the  separation  of 
the  projectiles  from  the  cartridges,  the  defuzing  of  the  projectiles  and  the  removal  of  the  explosives  from  the 
projectiles.  The  reverse  assembly  is  applicable  to  most  regular  munitions. 

Wateriet  washout  was  developed  by  the  Royal  Dutch  Navy  with  the  assistance  of  TNO-PML.  By  means  of  a 
high  pressure  waterjet  the  explosives  can  be  removed  from  the  munitions.  This  was  demontrated  with  1 55  mm 
HE  projectiles.  Advantages  above  the  classical  melt-out  technique  are:  Less  time  needed  to  remove  the 
explosive  from  one  projectile,  applicable  to  all  explosives  including  plastic  bonded  explosives,  less  energy 
compared  to  melt-out,  less  pollution  because  the  water  is  reused,  less  TNT  vapour  in  the  buildings  so  better 
for  the  health  of  the  personell,  better  removal  of  explosives;  in  the  melt-out  process  a  TNT  film  remains  on  the 
inside  of  the  projectiles,  with  the  waterjet  all  TNT  including  the  inner  coating  of  the  projectile  is  removed. 

Water  iet  cutting  is  a  powerful  variance  on  the  conventional  metal  cutting  tools.  By  means  of  a  high  pressure 
waterjet  and  some  abrasive,  munitions  can  be  cut  with  high  speed.  Nevertheless  it  is  a  relatively  safe  method 
as  the  water  cools  the  metal  and  possible  ignition  of  the  explosive  is  suppressed. 

This  technique  can  be  utilised  on  those  munitions  that  cannot  be  opened  by  reversed  assembly  (non  regular 
munitions)  ,  e.g.  munitions  in  bad  condition  or  munitions  that  originate  from  World  War  II  and  have  been 
buried  in  the  ground  for  a  long  time. 

The  system  consists  of  a  water  jet  cutting  system.  The  water  with  possible  explosives  is  collected.  After 
filtering,  the  water  can  be  used  again.  This  technique  has  been  tested  in  practise  by  the  Royal  Netherlands 
Navy.  TNO  has  also  tested  the  waterjet  cutting  technique  with  all  kinds  of  munitions  such  as  40  mm  HE,  105 
mm  HE,  155  mm  HE,  81  mm  mortar  with  pyrotechnic  flare  composition  (Mg!).  The  deliberate  cutting  action 
on  very  sensitive  parts  like  the  fuze  and  the  igniter  did  not  result  in  a  reaction,  so  the  safety  of  the  system  is 
proven  in  practise. 

Shredding  looks  favourable  for  pyrotechnic  items.  Trials  are  performed  by  the  Royal  Netherlands  Navy  with  a 
variety  of  pyrotechnic  munitions.  The  shredding  was  performed  under  water.  The  metal  parts  are  separated 
from  the  explosives.  Most  explosives  can  be  transformed  into  slurry  as  a  fuel  for  the  fluidised  bed  incinerator. 
Some  explosives  has  to  be  neutralised  beforehand. 
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3.  Slurry  preparation 

The  explosive  fillings  (including  pyrotechnics)  which  were  washed  out  of  the  munitions  by  means  of  a  water 
jet  technique  are  milled  under  water  and  transformed  into  a  stable  slurry.  The  propellants  are  collected,  mixed 
with  water  and  made  into  a  separate  slurry. 

The  initial  explosives  from  the  igniter  and  the  fuze  are  also  separated  from  the  metal  parts  with  the  water  jet 
and  collected  for  chemical  pretreatment. 

Both  the  explosive  slurry  and  the  propellant  slurry  are  transformed  into  the  desired  concentration  of  approx. 
50  %  explosive  .  This  is  realised  by  filtering  techniques.  In  order  to  prevent  the  settling  of  explosives  from  the 
slurry,  additives  are  used  to  create  a  stable  slurry.  Also  a  pumping  system  is  used  to  prevent  the  explosive 
particles  to  settle. 

The  explosion  safety  of  the  installation  is  realised  by  the  design  of  the  pipes  necessary  to  transport  the  slurry 
from  the  storage  to  the  fluidized  bed  furnace.  The  diameter  of  these  pipes  must  be  under  the  critical  diameter 
for  a  stable  detonation  of  the  slurry  in  the  pipes. 

Special  attention  is  paid  to  the  injection  of  the  slurry  into  the  fluidized  bed  furnace.  The  special  safety  features 
of  the  injector  prevent  a  pressure  build  up  and  a  possible  backwards  reaction  in  the  slurry  feed. 

The  storage  of  the  explosive  slurry  is  very  safe  as  this  slurry  can  only  detonate  if  initiated  by  the  powerful 
shock  of  a  donor  explosive. 
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4.  Fluidized  bed  combustion 

The  principle  of  controlled  combustion  is  the  well  defined  feed  of  fuel  (slurry  from  explosives  and  water)  to  a 
closed  combustion  chamber  or  furnace.  In  this  way  the  explosives  can  react  portion  by  portion  with  excess  air 
to  give  the  cleanest  combustion  products.  This  in  connection  with  the  further  treatment  of  the  reaction  products 
to  satisfy  the  threshold  values  defined  in  the  National  Environmental  Protection  Laws. 

On  the  other  hand  the  amount  of  explosives  present  in  the  furnace  at  the  same  time  can  be  regulated,  to  avoid 
pressures  that  can  damage  the  furnace. 

A  fluidized  bed  furnace  (see  fig.  3)  makes  use  of  a  flow  of  hot  air  through  a  packed  bed  of  silicon  oxide 
particles  (sand). 


slurry  injection 


Fig.  3.  Principle  of  fluidized  bed  furnace. 

Due  to  the  action  of  the  air  flow  the  particles  of  the  bed  are  floating  and  act  like  a  liquid.  The  fuel  is  injected  in 
this  floating  bed  in  the  form  of  fine  droplets  ensuring  optimum  mixing  with  air.  It  is  of  importance  that  the 
particles  have  reacted  completely  before  they  reach  the  top  of  the  bed.  A  CO-monitor  is  installed  to  control  the 
proper  functioning. 

Catalyst  like  NiO  can  be  added  to  the  bed  to  facilitate  the  decomposition  of  explosives  and  to  suppress  the  NOx 
formation.  The  bed  material  can  be  varied  in  composition  between  pure  silicon  oxide  and  aluminium  oxide. 
That  is  the  reason  that  fluid  bed  incineration  has  often  been  used  for  the  clean  combustion  of  waste.  Due  to  the 
efficient  and  complete  combustion,  the  use  of  a  separate  afterburner  can  in  most  cases  be  omitted.  During  the 
experiments  described  in  this  article,  the  FBO  was  filled  with  river  sand. 

An  advantage  of  the  fluidized  bed  furnace  over  a  rotary  retort  is  the  energy  balance:  due  to  the  efficient 
combustion  (especially  when  catalyst  are  used)  and  the  possibility  to  use  the  excess  heat  from  the  bed  for 
preheating  the  air  and  energy  recovery.  Another  interesting  possibility  is  the  large  heat  capacity  of  the  bed; 
when  this  has  reached  its  working  temperature  (800  ^C)  there  will  be  no  need  for  extra  heating  other  then 
generated  by  the  combustion  of  the  explosive  in  water  slurry.  Once  the  process  is  stopped  the  bed  remain  at 
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high  temperature  for  a  long  time,  even  over  the  weekend.  After  1 6  hours  the  temperature  is  still  600  °C  so  the 
furnace  can  be  started  up  easily  at  low  energy  cost  (thermal  fly-wheel).  Starting  up  time  of  the  fluidised  bed 
from  ambient  temperature  to  850  will  take  2-3  hours. 


5.  Exhaust  cleaning 

The  solid  reaction  products  (mainly  from  pyrotechnics)  can  be  collected  in  a  cyclone  or  a  bag  house,  while  the 
gaseous  products  are  emitted  through  the  exhaust  stack. 

Explosives  can  react  with  oxygen  to  harmless  substances  like  CO  2  and  H2O  for  the  mayor  part.  However 
there  will  be  harmful  compounds  formed  like  NOx,  CO,  HCl,  HF,  SO2,  depending  on  the  composition  of  the 
explosive.  Research  on  laboratory  scale  by  ICT  Germany  (Dr  Volk,  see  ref.  6)  has  revealed  some  figures  for 
the  combustion  of  the  most  common  explosive  materials. 


Table  1 .  Harmful  exhaust  gases  due  to  the  combustion  of  explosives  (w  %). 


Explosive 

NOx 

HCl 

SO2 

H2S 

Single  Base 

10 

Double  Base 

19 

TNT 

0,01 

Rocket  Prop. 

25 

Black  Powder 

- 

- 

0,1 

6-8 

At  TNO-PML  we  have  found  in  small  scale  laboratory  experiments  for  TNT  3-7  weight  %  NOx  and  for  a 
Single  Base  Propellant  2-3  weight  %;  it  is  obvious  that  the  reaction  is  strongly  dependent  on  the  conditions  in 
the  furnace. 

In  the  Netherlands  the  gaseous  exhaust  products  should  fulfil  the  limits  given  in  table  2: 

Table  2.  EC  Exhaust  Threshold  Limits 


Component 

Threshold  value  (mg/m  3) 

Total  solid  dust 

5 

HCl 

10 

CO 

50 

SOx 

40 

NOx 

70 

Heavy  metals 

1 

Cd/Hg 

0,05 

PCD's  (dioxins) 

0,1  nanogr.  TEQ/m^ 

TEQ=  Toxicity  Equivalence 


During  pilot  scale  testing  in  the  Flued  Bed  Oven  (FBO)  with  slurry  feeds  between  50  and  300  kg  /  hour,  the 
NOx  emission  varried  between  2000  and  3000  ppm.  It  seems  that  by  carefull  tuning  of  the  gas  equilibrium  the 
NOx  emission  can  be  reduced  considderably  compared  to  the  combustion  in  the  open  air.  However  the 
application  of  additional  exhaust  cleaning  will  remain  necessary. 
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removal  of  CO/CxHy 

This  can  be  realised  by  correct  functioning  of  the  furnace  and  its  afterburner  section:  The  temperature  in  the 
afterburner  section  should  be  well  above  850  *^C,  the  %  oxygen  should  be  above  6  vol.  %,  the  residence  time 
of  the  reaction  products  in  the  afterburner  should  be  above  2  seconds. 

removal  of  NOx 

By  careful  design  of  the  furnace  burners  and  the  use  of  clean  fuels  such  as  natural  gas,  the  excess  formation  of 
NOx  due  to  the  reaction  between  N2  and  O2  can  be  suppressed.  Furthermore,  NOx  can  be  decomposed  by  the 
use  of  catalysts.  This  is  most  conveniently  realised  in  the  fluidized  bed  furnace.  Other  possibilities  are  the 
chemical  binding  of  NOx  with  NH3  and  the  wet  scrubbing  technique. 

removal  of  HCI,  SOx 

HCl  can  be  removed  by  use  of  a  wet  scrubber  in  combination  with  a  chemical  scrubber  (Na2C03). 

SOx  can  be  suppressed  by  the  addition  of  limestone  in  the  bed.  This  is  of  importance  in  the  combustion  of 
black  powder  (  fire  works). 

removal  of  dioxins 

During  the  combustion  processes  of  explosives,  all  the  necessary  conditions  are  present  for  the  formation  of 
dioxins.  Suitable  techniques  for  the  removal  of  dioxins  are:  injection  of  active  carbon  together  with  CaO,  and 
the  use  of  active  carbon  filters. 
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6.  Cost  estimate  for  complete  design 

In  table  3  the  following  calculation  was  made  for  the  situation  in  the  Netherlands  :  all  prices  in  Kfl.  (ref.  7) 
Table  3.  Cost  estimate  for  the  construction  of  an  explosives  incineration  plant  for  1 00  kg/hour 


element 

fluidized  bed 

rotary  retort  furnace 

furnace 

1000 

4500 

water  jet  cutting 

220 

220 

shredder  for  pyrotechnics 

100 

control  apparatus 

300 

150 

scrubber(wet) 

175 

175 

denox(chem.) 

50 

50 

dioxin  filter 

50 

50 

site  preparation 

1 155 

1355 

total  cost 

3050 

6500 

The  investment  cost  of  the  furnace  dominates  the  total  cost;  the  fixed  capacity  of  the  rotary  retort  exceeds  the 
annual  Dutch  need  many  times,  whereas  the  fluidized  bed  furnace  can  be  tailored  to  the  actual  needs. 

For  the  fluidized  bed  the  annual  exploitation  costs  are  calculated  at  1000  Kfl. 
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PYROTECHNICS  INCINERATION 

Dan  Burch.  Michael  Johnson 
Crane  Division 

Nava!  Surface  Warfare  Center 

300  Highway  361 

Crane,  IN  47522-5000  USA 

ABSTRACT: 

The  United  States  Department  of  Defense  (DoD)  faces  many  environmental  issues  and 
concerns  in  the  demilitarization  and  disposal  of  obsolete,  excess  and  unserviceable 
munition  items.  Pyrotechnic  materials  present  an  especially  difficult  problem  for 
disposal.  Formulated  to  yield  brilliant  colors,  the  items  contain  organic  dyes  and  heavy 
metals  which  are  carcinogenic.  There  is  no  current  available  technology  for  the 
treatment  of  the  colored  smokes  and  dyes. 

Crane  Division,  Naval  Surface  Warfare  Center  (NAVSURFWARCENDIV  Crane)  has 
been  working  with  Los  Alamos  National  Laboratory  (LAND  in  developing  incineration 
technology  to  dispose  of  colored  smokes  and  dyes.  LANL,  as  a  result  of  conducting 
test  burns  on  mixtures  of  chemicals  representative  of  Navy  smokes  with  an  existing 
incinerator,  designed  and  built  a  transportable  prototype  Controlled  Air  Incinerator 
(CAI)  for  the  Navy.  The  CAI,  which  consists  of  a  slurry  feed  system,  combustion 
chamber  and  emission  control  system  was  tested  at  the  Naval  Air  Warfare  Center 
(NAWC)  China  Lake.  Two  series  of  environmental  tests  were  performed  which 
consisted  of  monitoring  the  stack  emissions  of  the  CAI  while  processing  simulated 
Navy  smoke  formulations  doped  with  metal  salts  and  hexachlorobenzene.  Results  of 
the  testing  showed  that  the  incinerator  met  RCRA  Hazardous  Waste  Incinerator 
standards,  i.e.  particulate  and  HCI  emission  limits  and  Destruction  Removal  Efficiency 
for  hexachlorobenzene. 

NAWC  China  Lake,  as  an  alternative  to  conventional  captive  sampling  techniques,  has 
developed  instrumentation  and  sample  methodology  for  continuous  monitoring  of  the 
heavy  metals  in  the  incinerator  exhaust  stream  using  an  inductively  coupled  plasma 
(ICP)  spectrometer.  NAWC  China  Lake  utilized  an  isokinetic  sampling  system  to 
withdraw  a  representative  air  sample  from  the  incinerator  stack  during  the  combustion 
of  the  slurry  spiked  with  copper  sulfate,  barium  nitrate  and  strontium  nitrate.  The  ICP 
detected  the  metals  of  interest  but  the  results  for  all  the  metals  were  lower  than  the 
result  obtained  by  the  captive  sampling  technique. 

BACKGROUND: 

In  August  1980,  the  Surgeon  General  placed  a  moratorium  on  the  open  burning  of 
pyrotechnic  colored  smoke,  flare,  and  dye  material  as  a  disposal  method.  Currently  the 
DOD  does  not  possess  the  capability  to  dispose  of  this  material.  The  Navy,  therefore, 
tasked  the  Los  Alamos  National  Laboratory  to  design,  fabricate,  and  test  a 


transportable  pyrotechnic  incinerator.  Naval  Weapons  Support  Center  Crane  (NWSCC) 
was  tasked  by  Naval  Sea  Systems  Command,  Washington,  DC  (NAVSEA)  to  develop 
thermal  treatment  technology  for  the  destruction  of  Navy  colored  smoke  and  flare 
material.  The  only  method  of  disposal  for  colored  smoke,  flare,  and  dye  material  is 
open  burning.  Ordnance  items  containing  these  materials  have  been  placed  in  long 
term  storage,  due  to  the  fact  that  the  Department  of  Defense  does  not  possess  the 
capability  to  dispose  of  this  material. 

HISTORY  OF  PYROTECHNIC  DYE  INCINERATOR: 

In  March  of  1985,  Navy  colored  smokes  were  tested  at  Los  Alamos  National 
Laboratory's  (LAND  controlled  air  incinerator.  The  LANL  incinerator  is  a  stationary 
dual  chamber  transuranic  waste  incinerator.  The  destruction  removal  efficiency  (DRE) 
was  on  the  scale  of  99.96%,  which  is  below  the  99.99%  DRE  required  by  RCRA  40 
CFR  Part  264  Subpart  0  for  the  removal  of  principal  organic  hazardous  constituents 
(POHC's).  With  the  test  data  information  amassed  on  Navy  colored  smokes,  a  design 
for  the  prototype  pyrotechnic  incinerator  was  completed  by  T.K.  Thompson  and 
Associates,  this  was  completed  in  September  1 986.  One  of  the  main  requirements  of 
the  incinerator  was  that  it  be  transportable,  and  fit  on  a  conventional  40  foot  trailer. 

In  January  1 992,  with  the  fabrication  of  the  incinerator  completed,  it  was  decided  to 
transport  the  incineratorto  Naval  Air  Warfare  Center,  China  Lake  (NAWC)  Ridgecrest, 
CA.  in  order  to  obtain  proper  permitting  to  perform  the  necessary  testing  of  the 
incinerator.  The  task  of  relocation  was  completed  in  April  of  1992,  and  with  this 
complete,  initial  testing  commenced. 

Environmental  testing  began  in  April  1993,  and  was  completed  in  December  1994, 
The  incinerator  is  now  located  at  the  Los  Alamos  National  Laboratory  (LAND  where 
it  is  undergoing  routine  maintenance  in  anticipation  of  transfer  to  an  Army  facility. 

DESIGN  OF  INCINERATOR: 

The  prototype  incinerator  consists  of  three  portable  modules:  a  utility  module,  a  feed 
module,  and  an  incinerator  module.  All  three  modules  are  designed  to  be  transported 
on  one  40  foot  trailer.  Controls  and  analytical  equipment  are  mounted  on  a  30  foot 
trailer. 

The  utility  module  includes  an  electric  steam  generator,  an  electric  air  compressor,  an 
air  dryer,  and  electric  switch  gear.  The  feed  module  includes  a  feed  tank,  slurry  mixing 
equipment,  a  feed  pump  system,  and  a  caustic  addition  system.  The  incinerator 
module  includes  the  incinerator  and  off-gas  equipment. 

The  incinerator  is  a  single-chamber  design  with  controlled  air,  the  air  added  as  both 
primary  and  secondary  air.  The  fired  duty  is  0.5  million  Btu  per  hour.  Gas  leaving  the 
incinerator  is  quenched  with  water  sprays  in  a  quench  vessel.  The  off-gas  leaving  the 
quench  vessel  goes  through  a  high-energy  venturi  scrubber  and  through  a  cyclone 
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separator  and  mist  pad  to  the  vent  stack.  The  normal  differential  pressure  of  the 
venturi  is  60  inches  of  water.  Scrubber  solution  collected  in  the  cyclone  is  recycled 
to  the  quench  vessel.  The  quench  vessel  blowdown  rate  is  based  on  the  solution 
density  and  the  pH  is  adjusted  by  caustic  addition. 

The  incinerator  is  equipped  with  a  firing  management  system  for  safe  operation.  The 
control  system  purges  the  incinerator  before  the  pilot  is  lit  and  after  the  burner  is  shut 
down.  All  fuel  sources  are  shut  off  on  flame  failure,  loss  of  combustion  air  flow  and/or 
low  propane  pressure.  The  slurry  feed  is  shut  down  by  a  high  quench  exit 
temperature,  loss  of  atomizing  air  or  steam,  high  or  low  incinerator  exit  temperature, 
and  high  incinerator  pressure.  All  fuels  are  automatically  shut  off  by  an  electrical 
failure. 

INCINERATOR  EQUIPMENT  OPERATION: 

Feed  Module:  The  waste  feed  system  is  designed  to  accept  Navy  colored  smoke  and 
flare  compounds  and  mix  with  other  constituents  to  produce  a  waste  feed  form  that 
is  suitable  for  injection  into  an  incinerator.  Smoke  and  flare  compounds  are  mixed  with 
varying  concentrations  of  water,  fuel  oil,  and  surfactant.  The  solution  is  mixed  with 
a  blade  mixer  and  by  circulating  through  the  recycle  pump  and  nozzle.  A  feed  pump 
takes  slurry  from  the  recycle  pump  suction  and  either  recycles  slurry  to  the  tank  or 
feeds  it  to  the  slurry  feed  nozzle  in  the  burner. 

The  slurry  feed  tank  is  a  cone-bottom,  stainless  steel  tank  with  a  capacity  of  100 
gallons.  The  tank  mixer,  recycle  pump,  and  the  slurry  tank  eductor  mix  the  slurry. 
Both  the  pump  and  the  eductor  impart  mixing  shear  on  the  slurry  and  maintain  good 
mixing  even  when  the  tank  level  is  drawn  below  the  impeller  of  the  tank  mixer.  The 
recycle  loop  resuspends  solids  that  settle  out  of  the  slurry  in  the  tank.  The  recycle 
pump  requires  compressed  air  pressure  of  20  to  40  psig  to  cycle  properly. 

A  small  cone-bottom  tank  is  used  for  mixing  sodium  hydroxide  crystals  into  water. 
This  caustic  solution  is  recycled  by  means  of  a  diaphragm  pump  into  the  quench  tank, 
and  is  used  as  a  neutralizing  agent  on  the  mineral  acids  absorbed  in  the  scrub  solution. 
The  caustic  solution  is  available  upon  demand  from  the  pH  control  loop. 

Utility  Module:  480  Volt  200  Amp  power  is  distributed  from  the  utility  module  to  the 
other  modules  and  control  trailer  through  power  cables.  All  cables  are  sized  for  the 
proper  amp  load  and  voltage  and  have  spark-proof,  weather  tight  connectors. 

Saturated  1 00  psig  steam  is  generated  with  an  electric  boiler  on  the  utility  module  and 
supplied  to  the  incinerator  module.  Compressed  dry  air  at  80  psig  is  provided  by  an 
electric  air  compressor  and  the  air  dryer  mounted  on  the  utility  module.  Propane  for 
the  burner  fuel  is  provided  from  a  500  gallon  LPG  tank.  Propane  is  delivered  to  the 
incinerator  during  start  up  phase  at  2  psig.  A  water  tank,  on  site,  provides  water  to 
the  quench  tank,  electric  steam  boiler,  demister  pad  spray,  and  process  pump  seal 
flush. 


Incinerator  Module: 


Blower:  The  combustion  air  blower  provides  4  psig  air  as  both  primary  combustion  air 
to  the  burner  and  secondary  air  to  the  incinerator.  The  total  combustion  air  flow  at 
high  burn  rate  is  approximately  120  SCFM. 

Burner:  The  burner  is  a  dual  fuel  vortex-type  burner  with  the  waste  atomizing  nozzle 
at  the  center  of  the  burner.  The  slurry  enters  the  burner  as  a  fine  spray,  this  promotes 
vaporization  and  mixing  with  air  prior  to  combustion.  Propane  exits  the  burner  tip 
through  an  outer  ring  of  holes  where  it  mixes  with  primary  combustion  air.  Primary 
combustion  air  enters  the  burner  tangentially  which  creates  a  swirling  turbulence 
causing  more  efficient  burning  and  a  higher  hold  up  time. 

Incinerator:  The  incinerator  is  a  chamber  where  complex  hazardous  constituents  are 
converted  by  combustion  to  simpler,  more  benign  compounds.  The  geometry, 
orientation,  materials  of  construction,  and  ancillary  equipment  have  been  designed  to 
optimize  the  combustion  of  the  Navy  waste  liquid  fuels.  The  incinerator,  lined  with 
high-alumina  refractory  lining,  was  designed  to  minimize  particle  impact  on  the 
ceramic  lining,  while  providing  for  desirable  plug-flow  conditions  after  volitization  and 
mixing  of  reactants. 

The  incinerator  is  brought  up  to  operating  temperature  by  heat  supplied  by  the 
propane  burner.  Once  the  waste  is  being  injected  into  the  incinerator,  the  combustion 
of  the  mix  will  supply  most  of  the  heat  required  to  keep  the  incinerator  at  the  desired 
temperature.  It  has  been  demonstrated  that  60  pph  of  slurry  feed  will  maintain 
temperature  above  2100  degrees  F. 

The  incinerator  volume,  40  cu.  ft.,  was  sized  to  allow  enough  residence  time  for 
combustion  reactions  with  Navy  colored  smoke  and  dye  compounds  mixed  with 
oxygen  and  water  vapor  to  reach  equilibrium.  Orientation  of  the  incinerator  is  vertical 
{firing  down)  in  order  to  enhance  the  movement  of  salt  slag  out  of  the  chamber. 

Quench  Vessel:  Combustion  products  leaving  the  incinerator  pass  downward  into  the 
quench  tank.  These  products  include  offgasses,  entrained  particulates,  and  salt  slag. 
The  offgasses  and  entrained  particulates  are  cooled  by  cross-flow  contact  with 
recycled  quench  solution.  The  quench  solution  is  atomized  by  six  spray  nozzles  and 
is  partially  evaporated  by  the  hot  offgasses  and  particulates.  The  latent  heat  exchange 
associated  with  evaporation  provides  the  primary  cooling  of  the  off-gas.  Evaporation 
continues  until  the  offgasses  are  saturated  with  water  contained  in  the  quench 
solution.  Saturation  of  the  offgasses  also  serves  to  improve  the  performance  of  the 
venturi  scrubber. 

The  unevaporated  quench  liquid  collects  in  the  bottom  of  the  quench  tank  where  it 
quenches  and  dissolves  any  salt  slag  that  drains  from  the  incinerator. 
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Venturi  Scrubber:  Offgasses  leaving  the  quench  tank  pass  through  the  venturi 
scrubber,  a  device  that  removes  particulates  entrained  in  the  offgas.  The  offgas  is 
forced  through  large,  slow  moving  water  droplets,  and  caused  to  accelerate  by 
moving  through  a  duct  section  with  diminishing  diameter.  Particulates  larger  than  1  /2 
micron  are  removed  from  the  offgas  stream  by  direct  impact  with  target  quench 
solution  droplets  injected  into  the  converging  section  of  the  venturi  scrubber.  Smaller 
particles  have  insufficient  momentum  for  direct  impact  but  are  collected  by  being 
moved  to  the  target  droplets  by  the  flow  of  water  vapor  being  condensed  on  the 
cooler  target  droplets.  The  water  droplets  and  cleaned  offgas  are  then  separated  by 
gravity. 

The  venturi  scrubber  is  designed  with  an  adjustable  throat  that  can  be  opened  or 
closed  to  maintain  the  desired  offgas  pressure  drop  across  the  venturi.  This  pressure 
is  maintained  at  60  inches  of  water.  It  was  noted  during  testing  that  if  the  pressure 
dropped  below  this,  the  quench  tank  suction  pressure  was  insufficient  for  proper 
quench  pump  operation,  and  the  quench  flows  dropped  off. 

Demister  Pad:  The  velocity  of  offgasses  leaving  the  venturi  scrubber  tends  to  entrain 
a  small  amount  of  process  liquid.  Most  of  this  liquid  is  removed  by  passing  the 
offgasses  through  a  mesh  pad  where  the  liquid  coalesces  on  the  mesh  fibers  and 
drains  to  the  bottom  of  the  demister  pad. 

Vent  Stack:  The  vent  stack  exhausts  the  cleaned  offgasses  from  the  system.  The 
geometry  of  the  stack  is  designed  to  provide  a  correct  internal  offgas  flow  pattern  for 
reliable  sampling  of  the  offgasses  by  established  procedures. 

CONTROL  TRAILER: 

The  control  trailer  consists  of  two  control  panels  consisting  of  controllers,  recorders, 
totalizers,  air  regulators,  interlock  logic  controllers,  switches,  and  alarms.  Also  in  the 
control  trailer  are  the  polycyclic  aromatic  hydrocarbon  monitor,  and  the  air  inductively- 
coupled  heavy  metals  monitor. 

Control  Panels: 

Controllers:  The  controllers  consist  of  the  slurry  feed  flow,  quench  pH  control,  primary 
air  flow,  oxygen  analyzer,  quench  spray  flow,  and  venturi  quench  spray  flow.  All  of 
these  variables  can  be  controlled  from  within  the  control  trailer. 

Recorders:  The  recorders  are  as  follows:  slurry  feed  tank  level,  slurry  feed 
temperature,  slurry  pressure,  incinerator  top  temperature,  steam  or  air  flow 
(atomizing),  secondary  air  pressure,  secondary  air  flow,  venturi  scrubber  differential 
pressure,  quench  tank  temperature,  quench  tank  pressure,  and  quench  tank 
differentia!  pressure.  All  are  continuously  recorded  and  analyzed  during  post  data 
analysis. 
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Totalizers:  The  totalizers  used  for  cumulative  data  are  as  follows:  propane  flow, 
combustion  air  flow,  and  stack  gas  flow. 

Pressure  Switches:  The  following  switches  provide  interlock  contacts  that  are  inputs 
to  the  Allen  Bradley  programmable  controller  on  the  back  of  the  control  panels: 
propane  pressure  (low),  propane  pressure  (high),  steam/air  pressure,  combustion  air 
pressure,  quench  pump  discharge  pressure,  and  low  water  pressure. 

Interlocks:  Safety  interlocks  shut  down  the  incinerator  or  prevent  startup  under  unsafe 
conditions.  Two  devices  provide  interlock  protection:  The  Honeywell  burner  controller 
controls  the  incinerator  startup  sequence  and  monitors  the  burn  conditions.  When  in 
operation  this  controller  checks  to  see  if  all  pre-ignition  interlocks  are  off.  The  second 
controller  utilized  is  an  Allen  Bradley  programmable  controller,  which  provides  interlock 
protection  for  the  total  incinerator  system. 

Regulators:  The  control  panel  has  an  air  manifold  which  provides  regulated  air  to  the 
slurry  tank  recirculation  pump,  pinch  valve,  and  dip  tube. 

Alarms:  The  alarm  panel  alarm  lights  and  buzzer  turn  on  whenever  an  alarm  condition 
exists.  This  provides  the  operator  with  a  warning  that  conditions  are  not  normal  or 
that  an  interlock  has  occurred. 

Polycyclic  Aromatic  Hydrocarbon  Monitor: 

A  spectrofluorimeter  with  a  heated  flow-through  cell  was  configured  for  continuous 
emissions  monitoring  of  polycyclic  aromatic  hydrocarbons  (PAH's).  The  instrument 
was  programmed  to  scan  over  spectral  regions  associated  with  a  group  of  ten  target 
PAH's.  Stack  air  and  clean  reference  air  were  alternately  introduced  into  the 
instrument  to  permit  baseline  subtraction  measurements.  The  PAH  monitor  is  capable 
of  detecting  airborne  PAH's  at  concentrations  less  than  one  part  per  million.  The  PAH 
monitor  was  operated  continuously  during  incinerator  operation  on  propane  and  when 
waste  slurry  was  burned.  No  PAH's  were  detected  during  the  monitoring  period  by  the 
monitor. 

Air  Inductivelv-Coupled  Plasma  Heavy  Metals  Monitor: 

As  an  alternative  to  conventional  captive  sampling  techniques  for  monitoring  the 
metals  emissions  in  incineratoreffluent,  instrumentation  and  methodology  for  real-time 
detection  of  airborne  metals  has  been  developed.  Conventional  measurement 
techniques  involve  the  capture  of  airborne  particulates  on  filter  media,  chemical 
digestion  of  the  samples,  and  spectrochemical  analysis  of  the  sample  digests.  These 
techniques  do  not  provide  analytical  data  in  the  timely  fashion  required  for  active 
process  control  aimed  at  minimizing  or  eliminating  the  fugitive  emission  of  metals  into 
the  atmosphere.  By  the  time  the  sample  is  analyzed  in  a  laboratory,  the  information 
obtained  may  have  only  historical  value.  Real-time,  continuous  emissions  monitoring 
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offers  nearly  instantaneous  measurements  that  are  more  useful  in  tracking  the 
transient  behavior  of  an  emissions  source. 

To  accomplish  the  goal  of  real-time,  in-the-field  measurement  of  airborne  metals,  an 
inductively  coupled  plasma  (ICP)  spectrometer  was  modified  to  allow  introduction  of 
sample  air.  The  ICP  is  normally  used  as  a  laboratory  instrument  capable  of  sensitive 
measurement  of  the  metal  content  in  a  variety  of  real  samples.  The  high  temperature 
(6000-8000  K)  of  the  plasma  ensures  efficient  sample  decomposition  and  excitation. 
The  metal  atoms  and  ions  in  a  given  sample,  upon  entering  the  plasma  emit  light  of 
characteristic  wavelengths  as  a  result  of  excitation  within  the  plasma.  The  intensity 
of  this  light  is  proportional  to  the  concentration  of  a  given  metal  in  the  sample. 
Adapting  this  technique  for  the  detection  of  airborne  metals  is  straight  forward.  The 
plasma  used  in  the  present  application  is  sustained  on  air  and  therefore  is  readily 
amenable  to  the  introduction  of  sample  air.  An  isokinetic  sampling  system  was  used 
to  withdraw  a  representative  air  sample  from  the  incinerator  stack  during  the 
combustion  of  waste  slurry  spiked  with  copper  sulfate,  barium  nitrate,  and  strontium 
nitrate.  The  three  optical  detectors  employed  by  the  ICP  were  tuned  to  the  appropriate 
wavelengths  to  detect  these  metals  and  the  instrument  was  calibrated  with  standard 
solutions.  The  relationship  between  metals  introduced  as  airborne  aerosols  and  as 
aqueous  solutions  had  been  previously  established  in  the  laboratory.  The  results  of 
continuously  monitoring  the  stack  effluent  for  a  period  of  fifty  minutes  yielded 
concentrations  of  1290,  700,  and  1030  micrograms  per  cubic  meter  for  airborne 
copper,  barium,  and  strontium.  These  compared  reasonably  with  measurements 
obtained  by  conventional  captive  sampling  techniques:  3260  (Cu),  1810  (Ba),  and 
2270  (Sr).  The  real-time  measurements  were  more  than  a  factor  of  two  lower  due  to 
sample  loss  in  the  fifty  foot  heated  sample  line  located  between  the  stack  and  the 
control  trailer. 

MOBILE  CHEMICAL  LABORATORY  TRAILER: 

The  mobile  chemical  laboratory  at  the  incinerator  site  at  NAWC  China  Lake  was 
installed  and  monitored  by  NAVSURFWARCENDIV  Crane  Code  4054  personnel.  The 
trailer  is  equipped  with  all  necessary  equipment  in  order  to  obtain  all  data  necessary 
to  meet  the  requirements  set  forth  by  the  Hazardous  Waste  Incinerator  Standards 
promulgated  underthe  United  States  Environmental  Protection  Agency  (EPA)  Resource 
Conservation  and  Recovery  Act  (RCRA). 

With  the  advent  of  RCRA  regulations  and  the  classification  of  demilitarization  furnaces 
as  hazardous  waste  incinerators,  it  has  become  necessary  to  expand  the  previous 
sampling  parameters  to  include  organic/explosive,  hydrochloric  acids  and  metals 
emissions.  The  Federal  Incinerator  Environmental  Standards  that  were  followed  during 
testing  were  as  follows: 

(1 )  Organic  Emissions.  A  destruction  and  removal  efficiency  (DRE)  of  99.99% 
for  each  designated  principal  organic  hazardous  constituent  (POHC)  must  be 
demonstrated. 


(2)  Particulate  Emissions.  Particulate  emissions  may  not  exceed  0.08  grains  per 
dry  standard  cubic  foot,  corrected  to  7%  oxygen  content  of  the  exhaust  gas. 

(3)  Hydrogen  Chloride  Emissions. Hydrogenchloride{HCL)emissionsarelimited 
to  4  pounds  per  hour  or  1  %  of  the  HCL  that  was  present  in  the  exhaust  gas  prior  to 
the  air  pollution  control  system,  whichever  is  higher. 

(4)  Metals  Emissions.  Included  in  Part  B  of  operating  permit. 

(5)  Non-Methane  Hydrocarbons.  This  was  measured  due  to  the  fact  that  it  is 
a  very  good  indicator  of  the  amount  of  organics  being  emitted. 

(6}  Continuous  Gas  Monitoring.  Operational  requirements  listed  in  40  CFR  Part 
264.345  and  trial  burn  requirements  of  40  CFR  Part  270.62  call  for  the  continuous 
monitoring  of  carbon  monoxide  and  oxygen.  The  information  collected  from  the 
monitoring  of  these  gasses  was  used  to  evaluate  the  incinerator  performance  and  will 
also  provide  a  background  on  which  operational  parameters  of  the  RCRA  permit  will 
be  specified. 

TEST  METHODS: 

Nine  separate  one  hour  tests  were  conducted  on  the  incinerator  during  the  week  of 
14-18  June  1 993.  Three  separate  slurry  mixtures  were  utilized  for  the  testing;  Slurry 
mixture  #1 ,  which  was  used  during  the  hydrochloric  acid  emission  testing,  consisted 
of  fuel  oil,  water,  surfactant,  and  Mk  13  smoke  composition  (this  consists  of 
potassium  chlorate,  sugar,  diatomaceous  earth,  graphite,  xylene-azo-b-napthol,  and 
red  dye  #9).  Slurry  mixture  #2  used  for  the  metals  emissions  testing  consisted  of  all 
components  in  slurry  mixture  #1  with  copper,  barium,  and  strontium  added.  Slurry 
mixture  #3  used  for  the  POHC/DRE  testing  consisted  of  all  components  in  slurry 
mixtures  #'s  1  and  2  with  hexachlorobenzene  added  as  the  POHC. 

The  sampling  method  used  for  the  hydrochloric  acid  emissions  testing,  and  the  metals 
emissions  testing  was  a  modified  Method  5  train  as  found  in  40  CFR  Part  60, 
Appendix  A.  The  metal  concentrations  in  the  stack  gas  were  calculated  by  using 
formulas  in  EPA  Method  12,  and  the  determination  of  metals  in  the  stack  gas  was 
accomplished  by  Atomic  Absorption  Spectroscopy.  The  sampling  train  used  during 
POHC  testing  was  an  EPA  approved  United  States  Army  Environmental  Hygiene 
Agency  (USAEHA)  Modified  Method  5  procedure,  with  the  quantification  of  the  POHC 
and  it's  surrogate,  tetrachlorobenzene,  determined  by  using  Gas  Chromatography 
Analysis. 


TEST  RESULTS: 


Slurry  Mixture  #1 

Incinerator  Temperature:  2150  degrees  F 
Combustion  Air  Flow:  108  SCFM 
Slurry  Feed  Flow:  73  Ib/hr 

HCL  Testing  HOUR  #1  HOUR  #2  H0UR.#3 

HCL  Emissions  0.00076  0.01915  0.01252 

(pounds  per  hour} 


All  HCL  emissions  were  well  below  RCRA  Incinerator  limits  of  four  pounds  per  hour 
or  less. 


Slurry  Mixture  #2 

Incinerator  Temperature:  2120  degrees  F 
Combustion  Air  Flow;  92  SCFM 
Slurry  Feed  Flow:  75  Ib/hr 


Metal.s  Testing 

Copper  (captive) 
{AIR-ICP} 

(Micrograms/DSCM) 

Barium  (captive) 
(AIR-ICP) 

(Micrograms/DSCM) 

Strontium  (captive) 
(AIR-ICP) 

(Micrograms/DSCM) 

Particulate  Emission 
(gr/DSCF) 


HOUR  #1 

HOUR  #2 

HOUR  #3 

2831 

3864 

3261 

1290 

1882 

2840 

1812 

700 

2080 

3155 

2269 

1030 

0.0194 

0.0238 

0.0264 

The  particulate  emissions  were  well  below  the  RCRA  limits,  which  specifies  particulate 
emissions  of  not  more  than  0.08  gr/DSCF. 


Slurry  Mixture  #3 

Incinerator  Temperature:  2020  degrees  F 
Combustion  Air  Flow:  70  SCFM 
Slurry  Feed  Flow:  57  Ib/hr 

DRE  Testing  HOUR  #1  HOUR  #2  HOUR  #3 

POHC  DRE  99.9998%  99.9968%  99.9705% 

hexachlorobenzene 

Tests  #1  and  #2  pass  the  requirements  of  a  DRE  of  99.99%  or  greater.  The  lower 
DRE  in  Test  #3  was  believed  due  to  problems  in  feeding  the  added  ingredients  is  slurry 
mixture  #3  as  surges  were  noted  during  the  test  run. 

EXPERIMENTAL  NAVY  SMOKE  COMPOSITION  TESTINO: 

In  December  1993,  the  incinerator  was  used  to  test  an  experimental  Navy  smoke 
composition  for  development  of  a  demilitarization  plan.  The  composition  consisted 
of  the  following  materials:  amorphous  boron,  potassium  perchlorate,  algoflon  (PTFE), 
and  viton  A  copolymer.  These  materials  were  slurried  with  fuel  oil  and  water  for  the 
POHC  testing,  utilizing  the  PTFE  for  the  DRE  testing.  During  the  second  day  of  testing, 
copper,  barium  and  strontium  were  added  for  the  metals  emissions  testing.  The  third 
of  testing  included  all  of  the  above  materials  while  monitoring  for  dioxin/furan 
emissions. 

The  formulation  for  the  destruction  removal  efficiency  testing  was  as  follows: 

IIEM  PERCENTAGE 

Fuel  Oil  26.8% 

Water  56.1% 

Surfactant  0,6% 

Experimental  Comp.  16,5% 

The  sampling  method  used  for  the  DRE  testing  was  EPA  Method  5  Modified  sampling 
tram.  Note  that  PTFE  was  chosen  as  the  Principal  Organic  Hazardous  Constituent  as 
contained  in  40  CFR  Part  261,  Appendix  VIII.  DRE  results  were  as  follows: 


First  Hour  Destruction  Removal  Efficiency:  99.9996% 
^cond  Hour  Destruction  Removal  Effif^innny  99,9996% 
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The  formulation  for  the  metals  emissions  testing  was  as  follows: 


ITPM  PERCENTAGE 

Fuel  Oil 

26.8% 

Water 

56.1% 

Surfactant 

0.6% 

Experimental  Comp. 

16.3% 

Barium  Nitrate 

0.06% 

Strontium  Nitrate 

0.06% 

Copper  Sulfate 

0.06% 

The  sampling  method  used  for  the  metals  emission  testing  was  EPA  Method  5 
Modified  sampling  train.  The  Metals  emissions  results  for  the  two  one-hour  tests  were 
as  follows; 


METAL 

Copper 

Strontium 

Barium 

Boron 


micrograms/dscm  removal  percentage 


HR  #1 

HR  #2 

HR  #1 

HR  #2 

1576 

1230 

99.61 

99.65 

1715 

814 

99.59 

99.78 

1379 

976 

99.74 

99.79 

27914 

11491 

99.28 

99.66 

The  slurry  formulation  for  the  dioxin/furan  emissions  testing  was  the  same  as  that 
used  during  the  metals  emissions  test.  The  sampling  method  used  was  USAEHA 
Modified  Method  5  sampling  train.  The  emission  rates  of  dioxins/furans  were  reported 
in  two  different  units,  pounds  per  hour  and  nanograms  per  dry  standard  cubic  meter. 
As  of  the  writing  of  this  paper,  Destruction  Removal  Efficiency  requirements  are 
included  in  the  hazardous  waste  incinerator  performance  standards  as  per  40  CFR  Part 
264,  and  also  Boiler  and  Industrial  Furnace  (BIF)  performance  standards  found  in  40 
CFR  Part  266,  Appendix  IX.  The  DRE  requirement  is  99.9999%  removal  for  the 
designated  POHC  when  the  slurry  contains  dioxin/furan  compounds.  The  DRE  results 
presented  here  represent  what  the  DRE  would  be  if  the  designated  POHC,  PTFE  were 
a  dioxin/furan  containing  compound.  As  noted  in  the  "Environmental  Reporter  ,  the 
EPA  is  in  the  process  of  changing  the  current  standard  for  dioxin/furan  emissions  from 
a  99.9999%  DRE  to  that  of  30  nanograms  per  DSCM.  Therefore,  the  results  are  given 
in  both  standards.  The  results  of  the  testing  are  as  follows: 

ITEM 


Total  dioxin/furans  based  on 
PTFE  feed  rate  of  1.73  Ib/hr 

Total  dioxin/furans  based  on 
PTFE  feed  rate  of  1.73  !b/hr 
using  Toxicity  Equivalency 
Method  as  per  40  CFR  Part  266, 
Appendix  IX 


DESTRUCTION  REMOVAL  EFFICIENCY 
HR  #1  HR  #2 

99.9999993%  99.9999992% 


99.999999991%  99.999999986% 


NANOGRAMS^/DF^rM 
HR  #1  HR  #2 

35.1  43.44 

EMISSIONS  RESULTS  ANAI  YRIR- 


TOXICITY  EQUIVALENCY  MFTHOn 
NANOGRAMS/DSCM 
HR  #1  HR  #2 

0.45  0.741 


DRE  Results:  The  Destruction  Removal  Efficiency  obtained  for  the  PTFE  as  listed 
above  were  well  above  the  99.99%  DRE  required  in  40  CFR,  Part  264,  Suboart  0 
Paragraph  264.343,  for  Hazardous  Waste  Incinerators. 

Dioxins/Furans  Results:  The  EPA  has  included  in  the  BIF  emission  regulations  (40  CFR 
Part  266,  Appendix  IX,  Section  4.0}  a  method  of  estimating  risks  posed  by  different 
dioxin/furan  congeners.  The  resulting  2, 3,7,8  TCDD  (Tetrachlorodibenzodioxins) 
equivalency  values  are  used  in  the  subsequent  risk  calculation  and  modeling  efforts 
as  discussed  in  the  BIF  final  rule.  The  toxicity  equivalency  emission  concentrations 
were  less  than  1  ng/dscm,  well  below  the  limits  to  be  imposed  by  the  EPA 

(30  ng/dscm),  and  also  below  the  limits  imposed  of  European  incinerators  of 
1  ng/dscm. 

Toxicity  Characteristic  Leaching  Procedure  results  indicate  that  for 
the  hazardous  waste  determination  of  the  sludge  produced  during  the  environmental 
testing,  it  is  not  a  hazardous  waste.  This  was  determined  as  per  40  CFR  Part  261. 

concentrations  were  below  the  100  mg/L  upper  limit  and  only  trace  elements 
of  PTFE  were  found.  No  limits  exist  for  the  other  metals. 

Oxides  of  Nitrogen  Emissions  Results:  The  NOx  emissions  for  the  test  burns  ranged 
from  0.048  to  0. 1 33  pounds  per  hour.  This  is  considered  to  be  too  high,  and  for  any 
future  testing,  a  more  starved  air  atmosphere  ratio  will  be  used  to  control  NOx 
production.  This  method  may  in  fact  cause  higher  carbon  monoxide  emissions,  and 
It  this  IS  the  case,  different  burners  will  be  analyzed  for  incorporation  to  the  CAI. 

CONCLUSIONR; 

The  incinerator  proved  efficient  for  the  destruction  of  the  organics  as  the  DRE  for  the 
designated  POHC  was  greater  than  the  99.99%  requirement  on  two  of  the  three 
tests^The  lower  DRE  in  Test  #3  was  believed  due  to  problems  in  feeding  the  added 
ingredients  in  the  slurry  mixture  as  surges  were  noted  during  the  test  run.  Also  the 
selected  POHC,  hexachlorobenzene,  is  considered  by  the  EPA  to  be  more  difficult  to 
incinerate  than  the  majority  of  organic  hazardous  constituents.  The  emission  control 
system  also  proved  effective  for  the  control  of  acid  gasses  and  particulate  as  the 
pounds  per  hour  HCL  and  grains  per  standard  cubic  foot  of  particulates  were  below 
tne  HCHA  hazardous  waste  incinerator  standards. 


The  real  time  measurements  using  the  Air-ICP  deveioped  by  NAWC  China  Lake  were 
more  than  a  factor  of  two  lower  than  the  EPA  prescribed  multiple  metals  train  method. 
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This  is  believed  due  to  sample  loss  in  the  fifty  foot  heated  sample  line  located 
between  the  stack  and  the  control  trailer  housing  the  Air-ICP. 

CURRENT  STATUS/FUTURE  PLANS: 

The  incinerator  is  currently  at  Los  Alamos  National  Laboratory.  It  has  undergone 
routine  maintenance  repairs  in  anticipation  of  siting  it  at  an  Army  facility. 

NAVSURFWARCENDIV  Crane  is  currently  conducting  a  market  survey  of  existing 
incineration  systems  to  see  if  any  are  qualified  for  Navy  smokes  and  dyes.  With  this 
market  survey  will  also  be  a  final  design  for  the  prototype  incinerator  in  order  to 
incorporate  any  necessary  changes  due  to  the  data  analysis. 

The  AIR-ICP  unit  is  currently  being  reconfigured  so  that  lead  detection  is  possible.  This 
effort  is  being  funded  by  the  Army. 
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ABSTRACT 

Glycerol  trinitrate  (GTN)  is  used  as  a  high  explosive.  Its  sensitivity  to 
detonation  by  mechanical  shock,  and  its  pharmacological  potency,  while  critical  to  its 
utility,  also  constitute  problems  for  handling  and  treating  wastes  arising  from  the 
production  and  use  of  the  compound.  This  paper  describes  bacterial  biodegradation  of 
GTN,  which  may  offer  a  means  of  removal  of  GTN  from  waste  streams  and 
bioremediation  of  contaminated  land  sites. 

Pseudomonas  sp.  strain  RING2  was  isolated  from  from  river  sediment  by 
enrichment  culture  on  minimal  salts/glycerol/GTN  medium.  Batch  culture  experiments 
established  that  this  isolate  utilised  GTN  as  its  sole  source  of  nitrogen.  Analysis  of  the 
growth  medium  using  HPLC  showed  the  presence  of  glycerol  dinitrates  and  glycerol 
mononitrates.  Isomeric  glycerol  1,2-dinitrate  and  glycerol  1,3-dinitrate  were  produced 
simultaneously  and  concomitantly  with  the  disappearance  of  GTN,  with  significant 
regioselectivity  for  the  production  of  the  1 ,3-isomer.  After  GTN  disappearance  was 
complete,  the  dinitrates  were  further  degraded  to  glycerol  1-  and  2-mononitrates. 
Preliminary  experiments  indicate  that  the  nitro  group  is  liberated  as  nitrite,  not  nitrate. 
The  bacterial  biodegradation  of  GTN  thus  shows  parallels  with  GTN  metabolism  in 
eukaryotic  (mammalian  and  fungal)  systems. 


INTRODUCTION 

Nitrate  esters  of  aliphatic  alcohols  are  industrially  important  as  a  result  of  two 
major,  though  incongruous,  applications.  First  they  are  widely  used  as  powerful 
explosives,  and  secondly  they  are  effective  vasodilators  in  the  treatment  of  heart  disease 
such  as  angina  pectoris.  Glycerol  trinitrate  (GTN;  propane- 1,2, 3  ,-triyl  trinitrate)  and 
pentaerythritol  tetranitrate  (PETN;  2,2-bis[nitrooxymethyl]propane-l,3-diyl  dinitrate) 
are  among  the  most  widely  known  and  are  used  in  both  applications.  They  are 
produced  by  direct  nitration  of  the  parent  alcohol  with  nitric  acid,  usually  with 


sulphuric  acid  present  as  catalyst  (Urbanski,  1965),  and  may  be  regarded  as  the  nitric 
acid  tri-  and  tetra-esters,  respectively,  of  glycerol  and  pentaerythritol  (Fig.  1).  Thus 
structurally  these  nitrate  ester  groups  are  analogous  to  phosphate  and  sulphate  esters. 
However  it  has  recently  been  emphasised  that  whereas  the  latter  groups  occur 
ubiquitously  in  the  biosphere,  nitrate  esters  have  never  been  detected  as  naturally- 
occurring  compounds  in  living  organisms  and  thus  constitute  a  true  xenobiotic 
challenge  to  biological  systems  (White  &  Snape,  1993).  The  microbial 
biodegradability  of  nitrate  esters  is  therefore  not  only  academically  intriguing  but  is  also 
relevant  to  development  of  methods  for  the  elimination  of  nitrate  esters  from 
production  waste-waters  and  for  the  bioremediation  of  land-sites  contaminated  during 
production,  storage  and  use  of  such  compounds  (Kaplan,  1992;  Walker  &  Kaplan, 

1992;  Gorontzy  et  al.,  1994). 


Figure  1.  Structures  of  some  nitrate  esters 
Glycerol  trinitrate  (GTN) 

NO2  NO2 

O  O 


Isopropyl  nitrate  (IPN) 

NO2 

O 


CH2-CH-CH2  CH3-CH-CH3 

O 

1 

NO 

2  Pentaerythritol  tetranitrate  (PETN) 


O2N-O-CH  CH2-O-NO2 

02N-0-CH2^  ^CH2-0-N02 


Before  embarking  on  a  search  for  bacteria  competent  in  the  biodegradation  of 
nitrate  esters,  it  is  helpful  first  to  appreciate  why  they  might  do  so.  Low-nutrient 
(oligotrophic)  environments  are  often  considered  among  the  "extremes"  to  which 
microorganisms  have  become  adapted.  Yet,  oligotrophic  conditions  are  so  ubiquitous 
in  the  microbial  biosphere,  as  to  be  the  norm  (Morgan  and  Dow,  1986).  Moreover, 
nutrient  status  is  determined  not  only  by  carbon  availability  but  also  by  other  bio¬ 
elements  (predominantly  P,  S,  N),  and  in  oligotrophic  environments  it  is  likely  that 
microbial  growth  is  constrained  by  all  these,  either  simultaneously,  or  sequentially. 
Faced  with  such  privation,  microorganisms  have  evolved  numerous  strategies  for 
surviving  nutrient  limitation,  including  chemotaxis,  surface-attachment,  and  in  more 
recent  times  diversification  of  metabolic  capabilities  to  include  catabolism  of  the 
industrial  products  of  human-kind. 
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Examination  of  the  structures  of  nitrate  ester  explosives  shows  that  they  contain 
abundant  carbon  derived  from  polyhydric  alcohols  (e.g.  glycerol,  pentaerythritol)  which 
are  readily  assimilable  by  bacteria.  Moreover  nitrate  esters  also  contain  abundant 
nitrogen  and  thus  they  may  also  serve  to  supply  this  element  for  microbial  growth.  A 
very  few  bacterial  species  can  fix  dinitrogen  from  the  air  to  synthesise  amino  acids  and 
other  organonitrogen  compounds,  but  many  more  can  reduce  nitrate  and/or  nitrite  to 
ammonia  prior  to  its  assimilation  into  amino  acids.  A  further  group  (the  denitrifiers) 
use  nitrate  or  nitrite  as  an  oxidizing  agent  in  place  of  dioxygen  to  oxidise  organic  fuels 
under  anaerobic  conditions  to  yield  energy  (Payne,  1981).  If  there  are  routes  for 
utilization  of  nitrate  ester  nitrogen,  these  involving  nitrate  and/or  nitrite  seem  the  most 
likely. 

The  well-documented  metabolism  of  GTN  in  mammalian  systems  (Taylor  al, 
1987)  involves  conversion  to  nitric  oxide  (Feelisch  &  Noack,  1987;  Schror  et  al.,  1991) 
which  currently  enjoys  new-found  importance  in  mammalian  physiology  as  a  chemical 
messenger  with  roles  in  vascular  function  (Moncada  et  al.,  1988),  neurotransmission 
(Knowles  et  al,  1 989)  and  immune  response  (Knowles  et  al,  1990).  Fungi  such  as 
Phanerochaete  chrysosporium  and  Geotrichum  candidum  also  metabolise  GTN  and  are 
serving  as  model  systems  for  the  study  of  eukaryotic  metabolism  of  nitrate  esters 
(Ducrocq  et  al.,  1989,  1990;  Servent  et  al,  1991).  Fungal  fission  of  the  nitrate  ester 
linkage  is  also  reductive  with  the  formation  of  nitrite  and  NO-protein  complexes. 
Published  work  on  bacterial  metabolism  of  GTN  is  confined  to  an  earlier  study  (Wendt 
et  al,  1978)  which  established  sequential  denitration  via  glycerol  dinitrates  (GDN)  and 
glycerol  mononitrates  (GMN)  to  glycerol. 

The  present  work  was  undertaken  as  part  of  a  wider  programme  to  isolate 
bacteria  competent  in  the  biodegradation  of  nitrate  esters  and  to  determine  the  kinetics 
of  metabolite  production  during  the  biodegradation  process.  The  enrichment  substrates 
used  were  GTN,  PETN  and  propane-2-yl  nitrate  (isopropyl  nitrate,  IPN).  The  last  was 
chosen  because  it  is  a  readily  available  mononitrate  which  is  structurally  related  to 
GTN,  and  it  is  analogous  to  propane-2-yl  sulphate  which  is  known  to  undergo  bacterial 
biodegradation  (Crescenzi  et  al,  1984,  1985). 


MATERIALS  AND  METHODS 
Chemicals 

Three  esters,  viz.  GTN,  PETN  and  isopropyl  nitrate  (IPN),  were  used  for  the 
initial  isolation  of  bacteria.  Research  quantities  of  GTN  (adsorbed  on  Kieselguhr,  20% 
w/w),  glycerol  1 -mononitrate  (1-GMN),  glycerol  1,2-dinitrate  (1,2-GDN),  glycerol  1,3- 

I 
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dinitrate  (1,3-GDN)  and  PETN  were  supplied  by  Fort  Halstead,  Sevenoaks,  Kent.  IPN 
was  purchased  from  Aldrich  Chemicals,  Poole,  Dorset. 

Working  solutions  of  GTN  were  prepared  by  extracting  20mg  of  GTN-on- 
Kieselguhr  into  0.5ml  ethanol.  The  mixture  was  shaken  vigorously  for  15min,  then 
centrifuged  at  2500  rpm  for  5min.  The  supernatant  (0.4nil)  was  used  for  the 
preparation  of  microbial  growth  media. 

HPLC  eluents  were  prepared  using  HiperSolv  quality  methanol  (Merck-BDH) 
and  ultra-pure  water  from  a  Millipore  Milli-Q  50  system  which  produced  0.22pm- 
filtered,  1  SMohm  deionised  water. 

Other  chemicals  were  the  purest  available  from  Merck  (BDH)  or  Sigma 
Chemical  Co, 

Isolation  and  culturing  of  competent  bacteria 

Standard  enrichment  culturing  techniques  were  used  to  isolate  bacteria  from  a 
variety  of  sources  (see  Table  1)  for  ability  to  use  one  of  the  three  nitrate  esters  GTN, 
PETN,  and  IPN  as  source  of  nitrogen  for  growth.  Samples  of  inoculum  material  were 
added  to  culture  flasks  containing  a  minimal  salts  medium  lacking  nitrogen  (see  below) 
and  1%  v/v  glycerol  as  carbon  source,  plus  the  appropriate  nitrate  ester  as  sole  source  of 
nitrogen.  Flasks  were  incubated  in  a  gyratory  incubator  at  25oC  for  1-2  weeks  and 
samples  were  sub-cultured  at  weekly  intervals  thereafter  into  fresh  medium.  After  4-8 
sub-cultures,  samples  from  flasks  showing  visible  growth  were  plated  out  onto  nutrient 
agar  plates  and  single  colony-types  separated  and  re-plated  to  purity.  Axenic  strains 
were  re-inoculated  into  the  basal  salts/  glycerol/  nitrate  ester  medium  to  check  that  they 
had  retained  the  capacity  for  growth. 

For  isolation  and  subsequent  culturing,  the  basal  salts  medium  contained  (per 
litre)  K2HPO4,  3.5g;  KH2PO4,  1.5g;  NaCl,  0,5g;  MgS04,  0.12;  1ml  of  trace  elements 
solution.  Trace  elements  solution  contained  (per  litre)  sodium  borate,  0.57; 

FeCl3.6H20,  0.24g;  C0CI2.6H2O,  0.04g;  CUSO4.5H2O,  0.06g;  MnCl2.4H20,  0.03g  ; 
ZnS04.7H20,  0.3  Ig;  Na2Mo04.2H20,  0.03g;  this  solution  was  stored  in  the  dark  at 
4°C.  Culture  flasks  were  prepared  by  adding  2ml  glycerol  to  100ml  basal  salts  medium 
immediately  before  autoclaving.  After  autoclaving  and  cooling,  0.4ml  of  ethanolic 
GTN  working  solution  was  added  to  give  the  desired  final  concentration  of  GTN  as  sole 
added  source  of  nitrogen  for  growth.  Cultures  were  agitated  at  1 00  rpm  and  25°C  and 
growth  of  bacteria  was  monitored  by  measuring  optical  density  at  450nm  in 
Pharmacia/LKB  Novaspek  II  spectrophotometer. 
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Storage  and  maintenance  of  microorganisms 

Bacterial  isolates  were  maintained  on  working  and  short-term  back-up  nutrient 
agar  slopes  stored  at  4°C.  Cultures  were  plated  out  every  2  months  to  ensure  purity, 
and  fresh  slopes  made.  Long-term  storage  was  at  -70°C  in  glass  embroidery  beads  with 
15%  glycerol  in  nutrient  broth  as  cryo-protectant  (Jones  et  al.,  1991). 

Geotrichum  candidum  was  obtained  from  Birkbeck  College  Culture  Collection 
and  maintained  on  nutrient  agar  plates  with  2-monthly  transfers. 

Analysis  of  nitrate  esters  and  their  metabolites 

Residual  GTN  and  the  di-  and  mono-nitrated  analogues  arising  from  bacterial 
biodegradation  were  analysed  by  HPLC  using  a  Dionex  DX300  Series  Ion 
Chromatograph  (Dionex  UK,  Camberley)  equipped  with  a  variable  wavelength  UV 
detector  and  a  Spectra  Physics  4400  Integrator.  The  column  was  a  Lichrosorb  ODS  1 0 
pm-bead  size,  260  x  4.6mm  (Phase  Separations,  Clwydd,  Deeside)  eluted  with  a 
water/methanol  linear  gradient  from  5%  to  50%  methanol  over  30  minutes.  Eluents 
were  prepared  from  HPLC  grade  solvents  and  degassed  by  sparging  with  helium  and 
maintaining  under  a  helium  atmosphere.  Analytes  were  detected  by  their  absorbance  at 
217nm. 

HPLC  retention  times  for  GTN  and  glycerol  1 -mononitrate  (1-GMN)  were 
determined  by  elution  of  authentic  materials,  and  calibration  curves  were  obtained 
using  standard  solutions,  the  concentrations  in  which  were  determined  using  published 
extinction  coefficients  (Dunstan  et  al.,  1965).  Calibration  of  the  HPLC  system  for 
glycerol  dinitrates  presented  some  problems  because  the  chemical  preparation  of  pure 
samples  is  difficult.  Thus  the  available  sample  of "  1,2-GDN"  contained  2  peaks  and  it 
was  impossible  to  assign  one  or  other  to  1 ,2-GDN.  To  circumvent  this  difficulty,  a 
mixture  of  the  dinitrates  was  prepared  from  standard  solutions  of  GTN  by  incubation 
with  Geotrichum  candidum.  This  microorganism  is  known  (Ducrocq  et  al.,  1989)  to 
yield  a  mixture  of  dinitrates  but  with  the  1,3, -isomer  dominating  over  the  1,2-isomer, 
thus  enabling  the  HPLC  peaks  to  be  identified  by  relative  size.  Calibration  was 
achieved  from  the  known  initial  and  measured  (HPLC)  residual  concentrations  of  GTN. 
The  available  sample  of  1,3-GDN  contained  4  peaks,  3  of  which  were  identified  with  1- 
GMN,  1,2-GDN  and  1,3-GDN.  The  fourth  peak,  eluting  between  1-GMN  and  the 
dinitrates,  was  tentatively  attributed  to  2-GMN. 

Nitrite  was  detected  using  the  Greiss-Romijin  reagent  (sulphanilic  acid/  N-1- 
naphthylethylenediamine  in  acid)  as  described  by  Tan-Walker  (Tan- Walker,  1987). 


RESULTS 


Isolation  of  bacteria 

Table  1  summarises  the  distribution  of  isolates  obtained  from  each  of  the  source 
samples,  using  each  nitrate  ester  separately  as  source  of  nitrogen.  Of  the  three  esters 
used,  GTN  and  PETN  appeared  to  be  the  most  readily  biodegradable,  judging  by  the 
number  of  isolates  obtained.  No  isolates  were  obtained  which  could  utilise  IPN.  Of 
the  various  source  samples,  the  sewage,  soil  and  river  samples  were  the  most 
productive. 

Some  of  the  isolates  in  Table  1  were  selected  for  further  study.  The  remainder 
of  this  paper  is  devoted  to  the  results  obtained  for  strain  RI-NGl,  isolated  from  river 
sediment  for  its  ability  to  biodegrade  GTN,  and  tentatively  identified  as  a  Pseudomonas 
sp.  using  the  BIOLOG  bacterial  identification  (BIOLOG,  Elay  ward,  Ca,  USA)  system. 


Table  1.  Number  of  isolates  obtained  from  various  sources  by  enrichment  on 
different  nitrate  esters. 


Source  of 
organisms 

Nitrate  ester 

GTN 

IPN 

PETN 

Sewage  (SW) 

2 

0 

4 

Soil  (SL) 

3 

0 

4 

River  (Rl) 

1 

0 

4 

Rat  faeces  (RF) 

0 

0 

2 

Dependence  of  growth  on  ester  availability 

In  order  to  establish  that  disappearance  of  nitrate  esters  was  the  result  of 
microbial  metabolism,  experiments  were  initiated  to  show  that  growth  was  dependent 
on  the  presence  of  nitrate  esters.  Cells  pre-adapted  by  growth  on  basal  salts,  glycerol/ 
GTN  (250jaM))  medium  for  72h,  were  used  to  inoculate  (0.1%  v/v)  a  second  flask, 
designated  A  and  containing  200  ml  of  the  same  medium.  Growth  in  flask  A  was 
monitored  for  240h.  Pseudomonas  sp.  RI-NGl  grew  with  a  doubling  time  of  about 
24h,  reaching  a  final  OD45Q  of  about  0.4  (Fig.  2).  In  view  of  the  high  concentration  of 
glycerol  and  low  concentration  of  GTN,  it  was  likely  that  growth  was  nitrogen-limited. 
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Figure  2.  Growth  oi Pseudomonas  sp.  RI-NGl  with  GTN  as  sole  source  of  nitrogen. 
Flask  A  (O,  200ml  basal  salts/  1%  glycerol  and  250p.M  GTN)  was  inoculated  with 
Pseudomonas  sp.  RI-NGl  in  similar  medium.  After  120h,  100ml  was  transferred  from 
flask  A  to  a  clean  flask  B  (•)  and  supplemented  with  more  GTN.  Simultaneously, 
flask  C  (V,  fresh  whole  medium)  and  flask  D  (▼,  fresh  medium  lacking  GTN)  were 
inoculated  from  flask  A  (0. 1  %  v/v).  Grov^lh  was  measured  as  OD450. 


[Nitrate  ester]  (i.iM) 
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To  confirm  this,  at  120h  the  culture  in  flask  A  was  sub-divided  as  follows:-  100  ml  of 
the  residual  culture  was  transfered  aseptically  to  a  clean  sterile  flask  (B)  and 
supplemented  with  a  further  aliquot  of  GTN;  1ml  aliquots  from  flask  A  were  used  to 
inoculate  flask  C  which  contained  fresh  sterile  whole  media  (i.e.  including  GTN),  and 
flask  D  which  contained  fresh  sterile  media  lacking  GTN;  the  residual  culture  medium 
in  flask  A  was  left  untreated.  All  four  flasks  A-D  were  returned  to  the  incubator  and 
monitored  for  growth  over  a  further  5-day  period.  Fig.  2  shows  that  after  the  initial 
120h  period,  the  culture  in  flask  A  was  entering  stationary  phase.  Addition  of  fresh 
GTN  to  the  culture  at  this  point  (flask  B)  led  to  a  second  burst  of  growth  which 
approximately  doubled  the  cell  density.  Dilution  (100-fold)  of  the  first  culture  into 
fresh  whole  medium  (flask  C)  gave  a  very  similar  burst  of  growth,  suggesting  that 
growth  in  the  flask  A  at  120h  was  limited  only  by  GTN  availability.  Transfer  from 
flask  A  to  flask  D  lacking  GTN  produced  no  growth  at  all. 

Metabolite  production 

The  samples  removed  from  flask  A  for  measurements  of  growth,  were  also 
analysed  by  HPLC  for  GTN  and  its  metabolites  (Fig.  3).  Growth  was  accompanied  by 
disappearance  of  GTN  which  was  complete  at  96h,  and  by  appearance  of  both  isomers 
of  GDN.  1 ,3-GDN  was  the  major  metabolite,  its  rate  of  appearance  exceeding  that  of 
the  1 ,2  isomer  by  about  5-fold.  1  -GMN  and  2-GMN  first  appeared  after  about  80h, 
and  increased  in  concentration  at  the  expense  of  decreasing  concentrations  of  the 
dinitrates  throughout  the  remainder  of  the  experiment.  The  rate  of  produetion  of  1- 
GMN  exceeded  that  of  the  2-isomer  by  about  6-fold.  Fig.  3  also  shows  that  the  total 
eoncentration  of  all  the  glycerol  nitrates  detected  was  constant  throughout  the  240h 
period  of  incubation. 

Preliminary  experiments  using  broth-grown  resting  cells  ineubated  with  GTN 
showed  that  disappearance  of  GTN  was  accompanied  by  formation  of  nitrite  ions  in 
solution. 


DISCUSSION 

The  growth  experiments  demonstrated  unequivocally  that  GTN  was  serving  as 
the  sole  source  of  nitrogen  for  growth  of  Pseudomonas  sp.  RI-NGl  under  these 
conditions.  During  growth,  GTN  was  converted  stoichiometrically  (Fig.  3)  to  its  di¬ 
nitrate  analogues  which  were  produced  simultaneously  but  with  1,3-GDN  appearing 
about  5  times  faster  than  the  1 ,2-isomer.  This  is  significantly  higher  than  the  ratio  of 
1.2-1. 8  for  1,3-GDN/1,2-GDN  produced  by  G.  candidum  (Ducrocq  et  al,  1989). 
Moreover,  bearing  in  mind  that  GTN  offers  only  one  way  of  making  1,3-GDN 


(denitration  at  the  central  nitrate)  but  two  ways  for  making  1 ,2-GDN  (attack  at  either 
end)  the  selectivity  for  attack  at  the  central  nitrate  group  (C2)  is  about  ten-times  that  at 
the  terminal  esters. 

When  all  the  GTN  had  disappeared,  and  the  GDNs  were  approaching  their 
maximum  concentrations,  the  mono-nitrates  1-GMN  and  2-GMN  began  to  appear, 
again  simultaneously  but  in  the  ratio  of  about  6:1.  Whichever  of  its  nitrate  esters  is 
removed,  1,3-GDN  can  only  give  rise  to  1-GMN.  Thus  because  1,3-GDN  is  the 
dominant  intermediate,  the  bulk  of  the  1-GMN  production  (Fig.  3)  is  attributable  to  the 
biodegradation  of  1 ,3-GDN.  In  contrast,  denitration  of  1 ,2-GDN  can  produce  either  1  - 
GMN  or  2-GMN  depending  on  whether  the  attack  occurs  at  C2  or  Cl  respectively. 
After  96h,  GTN  degradation  was  complete  and  no  more  dinitrates  could  be  made. 
Examining  the  data  after  this  point  in  Fig.  3,  it  is  clear  that  most  but  not  all  of  the  1,2- 
GDN  is  converted  to  2-GMN,  indicating  a  preference  for  attack  at  Cl  in  1,2-GDN. 

Thus  the  regioselectivity  for  C1/C2  denitration  in  GTN  is  different  from  that  in  1,2- 
GDN.  Whether  this  difference  reflects  either  the  operation  of  different  enzyme 
systems  or  different  modes  of  substrate  binding  to  a  common  enzyme,  is  unknown. 

The  total  recovery  of  residual  GTN  plus  all  isomers  of  GDN  and  GMN  was 
close  to  100%  throughout  the  period  of  the  experiment.  This  indicated  that  no  other 
GTN  derivative  or  metabolite  was  produced  in  significant  quantities  and  also  suggested 
that  the  organism  was  incapable  of  biodegrading  either  of  the  mononitrates. 

Based  on  the  data  presented  herein,  Fig.  4  summarises  the  sequence  of 
metabolite  production,  and  heavy  arrows  are  used  to  indicate  that  the  major  route  for 
biodegradation  is  via  initial  attack  at  C2,  then  Cl  to  yield  mainly  1-GMN.  The 
detection  of  nitrite  in  incubations  of  resting  cells  with  GTN  is  consistent  with  a 
reductive  mechanism  enabling  the  ester  nitrogen  to  enter  the  assimilation  pathway  at 
the  level  of  nitrite.  Although  not  yet  tested,  denitrifiers  may  also  be  able  to  denitrify 
nitrate  esters  via  nitrite  to  dinitrogen  gas. 

Figure  4.  Pathway  for  the  biodegradation  of  GTTl  in  Pseudomonas  sp.  RI-NGl . 
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Kurzfassung 

Wirtschaftiichkeit  und  der  Schutz  der  Lebensumgebung  fordern  Entsorgungs- 
methoden,  die  eine  Ruckgewinnung  und  Wiederverwendung  von  Einsatzstoffen  ge- 
statten  sowie  die  Entstehung  unerwunschter  Produkte  vermeiden.  Dies  trifft  auch  fiir 
Treibmittel  zu.  Neuere  Treibmittelentwicklungen  enthalten  teure  kristalline  Energie- 
stoffe  wie  die  Nitramine  Hexogen  und  Oktogen,  gebunden  in  einer  dreidimensional 
vernetzten  Polyurethanmatrix;  sie  warden  ‘kunststoffgebundene  Treibrnittel’  genannt. 
Zur  Ruckgewinnung  von  Komponenten  wurde  die  Polyurethanmatrix  mit  reinem 
Wasser  und  alkalischem  Wasser  (0,05n  bis  0,5n  NaOH)  bei  Temperaturen  zwischen 
130  °C  und  170  °C  in  einer  DruckeinschluBzelle  solvolytisch  aufgespalten.  Aus 
einem  Modelltreibstoff,  bestehend  aus  einem  Polyetherdiol-Gemisch  (Lupranol 
1000/2021)  vernetzt  mit  Desmodur  T80  und  60  %  Ammoniumperchlorat  (AP)  wurde 
die  Polyetherpolyolkomponente  zu  84  %  bis  90  %  ruckgewonnen  und  der  AP-Anteil 
zu  98  %  im  walBrigen  Solvolysat  bestimmt.  Die  Polyetherdiole  wurden  auch  bei  einer 
hohen  solvoiytischen  Belastung  von  170  °C  und  2  h  kaum  verandert,  wie  die  Mol- 
massenverteilungen,  bestimmt  mit  Geipermeationschromatographie,  zeigen.  Das 
Treibladungspuiver  KHP,  bestehend  aus  86  %  Hexogen  und  14  %  GAP-Desmodur 
N1 00-Binder  wurde  bei  130  °C,  150  °C  und  170  °C  mit  reinem  Wasser  und  mit  0,05 
n  NaOH  jeweils  10  min,  30  min  und  60  min  solvolysiert.  Hexogen  ist  in  hohen 
Ausbeuten  und  hoher  Reinheit  ruckgewinnbar.  GAP  ist  ebenfalls  ein  Polyetherdiol, 
formal  auf  der  Basis  von  Propan-1, 2-diol  mit  Azidgruppen  an  den  Methylseiten- 
gruppen.  Es  verhalt  sich  nicht  wie  die  Lupranol-Poiyetherdiole.  Durch  solvolytische 
Belastung  wird  die  Molmassenverteilung  verbreitert  und  der  Azidgehalt  vermindert, 
welcher  uber  die  Infrarotabsorption  der  asymmetrischen  Na-Streckschwingung  und 
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Qber  den  Energiegehalt  mit  DSC  reiativ  zum  Azidgehalt  des  originalen  GAP  bestimmt 
wurde.  Der  GAP-N1 00-Binder  wird  nicht  aufgespalten,  GAP  ist  nicht  ruckgewinnbar. 
Beim  Abspalten  von  Stickstoff  aus  der  Ns-Gruppe  werden  uber  das  entstehende 
Nitren  durch  intermolekulare  Insertionsreaktionen  solvolytisch  nicht  spaltbare  C-N- 
Bindungen  gebildet.  Die  gasfdrmigen  Hauptreaktionsprodukte  bei  der  Solvolyse  des 
KHP  Sind  N2  und  N2O,  daneben  etwas  CO2,  O2  und  CO.  NH3  und  CH2O  wurden  nicht 
quantifiziert.  An  ionischen  Zersetzungsprodukten  wurden  gefunden:  N02‘,  NO3', 
HCOs',  HCOO',  NH4^.  Mit  den  in  der  Literatur  angegebenen  Mechanismen  und 
Reaktionsprodukten  fur  die  Zersetzung  des  Hexogens  sowie  durch  Reaktionen  der 
Zersetzungsprodukte  mit  dem  Solvolysemittel  und  Reaktionen  zwischen  den  Zer¬ 
setzungsprodukten  kann  das  Produktspektrum  gedeutet  werden. 


1.  Einleitung 

Fur  die  Entsorgung  von  Treib-  und  Explosivstoffen  kommen  folgende  Moglichkeiten 
in  Betracht:  Verbrennen,  hydrolytisches  Zersetzen,  Umsetzung  in  uberkritischem 
Wasser  (auch  bei  Sauerstoffzufuhr),  Wiederverwendung  und  selektive  Ruckge- 
winnung  von  Komponenten.  Bei  der  Verbrennung  von  Treib-  und  Explosivstoffen  ent- 
stehen  immer  Schadgase  wie  HCN,  NOx,  HCi  und  auch  RuG  in  groGeren  Mengen 
/1,2/,  so  daG  eine  aufwendige  Abgasreinigung  notig  ist.  Aufgrund  der  neuen  Gesetze 
zur  Abfallverminderung  und  zur  stofflichen  Verwertung  sind  Entsorgungsverfahren 
gefragt,  die  eine  Wiederverwendung  Oder  eine  Ruckgewinnung  von  Einsatzstoffen 
gestatten.  Von  der  Automobilindustrie  wird  eine  Wiederverwendung  Oder  Ruckge¬ 
winnung  schon  ab  einem  Materiaierzeugerpreis  von  3  DM/kg  als  wirtschaftlich 
angesehen  131.  Die  kristallinen  Energiestoffe  Hexogen  und  Oktogen  in  neuartigen 
Treibmittelformulierungen  sind  teure  Komponenten,  ihr  kg-Preis  liegt  bei  35  DM  und 
100  DM.  Auch  die  verwendeten  Prapolymere  fur  die  dreidimensional  vernetzten 
Polyurethanelastomerbinder  sind  teuer,  HTPB  (hydroxyterminiertes  Polybutadien) 
kostet  etwa  20-25  DM/kg,  GAP  (Glycidylazidpolymer)  noch  uber  700  DM/kg. 

Wegen  der  dreidimensionalen  Vernetzung  der  Polyurethanmaxtrix  ist  ein  einfaches 
Auflosen  der  Treibstoffe  in  Losungsmittein  nicht  mdglich.  Fur  eine  Ruckgewinnung 
der  Energiestoffe  stehen  zur  Wahl  die  Extraktion  mit  Losungsmittein  und  ein 
AufschluG  des  Kunststoffbinders  und  Freisetzen  des  Energiestoffs.  Beim  AufschluG 
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wird  auch  die  Polyolkomponente  des  Polyurethanbinders  zuganglich.  Hier  werden 
Ergebnisse  eines  AufschluBverfahrens  vorgestellt. 

Die  in  den  Treibmittein  verwendeten  energetischen  Substanzen  wie  GAP  und 
Hexogen  (RDX)  weisen  Entzundungstemperaturen  zwischen  200  °C  und  220  °C  auf. 
Die  AufschluBtemperaturen  mussen  daher  niedriger  liegen,  der  Bereich  zwischen 
130  °C  und  170  '"C  wurde  gewahit.  Das  ideale  AufschluR-  Oder  Solvolysemittel  soil 
die  Urethangruppierung  schnell  spalten,  die  Kettenlange  der  Polyole  nicht  verandern, 
die  energetischen  Komponenten  nicht  angreifen  und  von  den  gewunschten  Stoffen 
leicht  abtrennbar  sein.  Mit  Blick  auf  die  technische  Realisierung  soli  das  Verfahren 
sicher  handhabbar  und  preiswert  sein.  Diesem  Anforderungsprofii  kommen  reines 
und  alkalisches  Wasser  am  nachsten.  Dm  im  vorgesehenen  Temperaturbereich 
soivolysieren  zu  konnen,  ist  ein  DruckeinschiuB  der  Solvolysemischung  erforderlich. 


2.  Ziei 

Aus  einem  Treibmittel  soli  Hexogen  (RDX)  gebunden  mit  GAP-Desmodur  N100 
durch  waBrige  Solvolyse  zuruckgewonnen  werden.  Die  Ausbeute  wird  als  Funktion 
des  Solvolysemittels,  nahmiich  reines  Wasser  und  0,05  n  NaOH,  der  Solvolysezeit 
und  der  Solvolysetemperaturen  zwischen  130  °C  und  170  °C  bestimmt.  Der  EinfluB 
der  Solvolysebedingungen  auf  die  Polyolkomponente  GAP  wird  untersucht  und  mit 
den  Ergebnissen  fur  eine  nichtenergetische  Polyetherpolyolkomponente  verglichen. 
Gasformige  und  ionische  Zersetzungsprodukte  werden  ermittelt. 


3.  Substanzen 

Fur  die  Solvoiysen  wurde  das  Rohrwaffentreibmittel  KHP  venwendet,  welches  etwa 
86  Ma.-%  feinkorniges  RDX  gebunden  in  14  Ma.-%  GAP-Desmodur  N100  enthalt. 
GAP  und  KHP  wurden  im  ICT  hergestellt  /4/,  RDX  von  Dyno  Industrier  AS, 
Norwegen,  und  Desmodur  N100  von  Bayer  AG,  Leverkusen,  bezogen.  GAP  ist  ein 
Polyetherdiol,  formal  ein  kondensiertes  Propan-1 ,2-diol  mit  Azidgruppen  an  den 
Methylseitengruppen.  Zum  Vergleich  wurde  ein  Kunststoffbinder  aus  den  handelsub- 
lichen  Polyetherpolyolen  Lupranol  1000  und  2021  (BASF  AG,  Ludwigshafen)  herge- 
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stellt,  Vernetzer  war  Desmodur  T80  (80  Ma.-%  2,4-und  20  Ma.-%  2,6-Toluoldiisocya- 
nat,  Bayer  AG).  Der  Binder  bestand  aus  78,8  Ma,-%  Lupranol  1000,  11,7  Ma.-% 
Lupranol  2021,  8,3  Ma.-%  Desmodur  T80,  der  Rest  sind  Hilfsstoffe.  Mit  diesem 
Bindertyp  wurde  auch  ein  Modell-Raketenfesttreibstoff  mit  60  Ma.-%  Ammoniumper- 
chlorat  hergestelit  /4/. 


4.  Apparatur 

Die  Solvoiysen  warden  in  einer  zylindrischen  DruckeinschluGzelle  durchgefuhrt,  Abb. 
1,  weiche  aus  einem  warmfesten,  korrosionsbestandigen  Edelstahi  vom  Typ 
Thermanit  4575  (1880  SST,  Werkstoffnr.  1.4575)  im  ICT  hergestelit  wurde  /5/.  Der 
Zellkorper  hat  eine  Hohe  von  140  mm  und  einen  AuRendurchmesser  von  68  mm. 
Das  Innenvolumen  betragt  44  ml,  der  Innendurchmesser  23  mm.  Der  Reaktionsraum 
wird  mit  einem  in  einer  Nut  des  Stempefs  S  gehaltenen  0-Ring  aus  Viton  gedichtet. 
Durch  eine  Bohrung  im  Stempel  S  wird  ein  Fe/CuNi-Mantelthermoelement,  einge- 
lotet  in  einer  Druckverschraubung,  in  den  Reaktionsraum  eingefuhrt,  so  daf3  zur 
Temperaturmessung  und  zur  Regelung  der  elektrischen  AuBenheizung  (Wider- 
standsheizband  gewickelt  auf  einen  Aluminiumtrager)  die  Temperatur  der  Solvolyse- 
mischung  verwendet  werden  kann,  weiche  mit  einem  teflonummantelten  Ruhrstab- 
magneten  gewirbelt  wird.  Der  Druck  wird  mit  einem  DehnungsmeBstreifen  (DMS)- 
Druckaufnehmer  gemessen  und  uber  ein  kalibriertes  Anzeige-  und  Versorgungsgerat 
(Burster  GmbH,  Gernsbach)  in  bar  angezeigt.  Die  beim  AufschluB  gebildete  Gas- 
menge  wird  mit  einer  Gasburette  Oder  mit  einem  Kolbenprober  bestimmt. 


5.  Durchfiihrung  der  Solvoiysen,  Aufarbeitung  der  Solvolysate  und  Analyse 
der  Solvoiyseprodukte 

Fur  die  Solvoiysen  wurde  das  Reaktionsvolumen  der  DruckeinschluBzelle  zu  etwa 
60  %  mit  der  Solvolysemischung,  1  g  zerkleinerte  Probensubstanz  und  20  g  bis  25  g 
Solvolysemittel  gefullt.  Der  freie  Reaktionsraum  wurde  evakuiert  und  mit  1  bar  Heli¬ 
um  wieder  aufgefullt.  Nach  der  Soivolyse  wurde  schnellstmdgiich  auf  Raumtempera- 
tur  abgekuhit  und  die  entstandene  Gasmenge  bestimmt. 
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Als  Solvolysat  erhalt  man  eine  waBrige  Phase  mit  ionischen  Reaktionsprodukten  und 
beim  KHP  einen  festen  Ruckstand,  der  aus  Hexogen  und  Binder  besteht.  Die 
waBrige  Phase  wurde  vom  festen  Ruckstand  abgetrennt  und  das  Hexogen  mit 
Aceton  ausgewaschen.  Das  Aceton  wurde  abgezogen  und  die  trockenen  Ruck- 
stande  ausgewogen.  Neben  der  gravimetrischen  Bestimmung  wurde  das  Hexogen 
auch  mit  Hochleistungsflussigkeitschromatographie  (HPLC)  quantifiziert.  Bei  der  Sol- 
volyse  des  Lupranolbinders  entstand  neben  der  waBrigen  Phase  eine  blige  Phase, 
bestehend  im  wesentlichen  aus  den  freigesetzten  Polyolen,  welche  mit  Dichlor- 
methan  extrahiert  wurden. 

Die  Molmassenverteilungen  der  Lupranole  und  des  GAP  wurden  mit  einem  Gelper- 
meationschromatograph  bestimmt,  bestehend  aus  dem  Hewlett-Packard  Flussig- 
keitschromatograph  1084B,  dem  ERMA-Brechungsindexdetektor  ERC  7510  und  aus 
vier  in  Serie  geschalteten  Polymer  Laboratories  GPC-Saulen  mit  den  Porenweiten 
10^  nm,  10^  nm,  10  nm  und  5  nm  sowie  10  pm  TeilchengrbBe.  Laufmittel  war  Tetra- 
hydrofuran,  kalibriert  wurde  mit  engverteilten  Polystyrolstandards. 

Die  lonen  Nitrat,  Nitrit,  Hydrogencarbonat,  Formiat  und  Ammonium  wurden  mit 
einem  GAT-lonenchromatograph  mit  Alltech  Wescan  315  Leitfahigkeitsdetektor 
analysiert.  Die  Saulen  waren  fur  HCOa',  NO2',  NO3'  eine  Wescan  Anion/R-Sauie,  fur 
Formiat  eine  Wescan  AnionenausschluBsauIe  und  fur  NH4^  eine  Wescan  Cation/S- 
Saule. 

Die  Gase  Stickstoff,  Sauerstoff,  Methan  und  Kohlenmonoxid  wurden  mit  einer  Mol- 
sieb  5A-Saule  getrennt,  Kohlendioxid  und  Distickstoffmonoxid  mit  einer  Poropak  Q- 
Saule,  nachgewiesen  wurde  mit  einem  Warmeleitfahigkeitsdetektor,  Tragergas  war 
Helium.  Der  Gaschromatograph  war  von  der  Fa.  FISONS,  Typ  GC  6000  VEGA, 
Serie  2.  Die  Gase  NO/NO2  wurden  mit  dem  NOx-Analysator  951 A  der  Fa.  Beckman 
Instruments  quantifiziert. 

Fur  die  HPLC-Analyse  wurde  eine  Aniage  der  Fa.  Waters  mit  der  Millennium  2010- 
Datenerfassung  und  -auswertung  verwendet,  zusammen  mit  dem  Waters  Photo- 
diodenarraydetektor  996.  Die  Trennsaule  war  eine  Umkehrphasensaule  Typ  C-18, 
mobile  Phase  Wasser/Methanol. 


6. 


Ergebnisse  und  Diskusslon 


6.1  Solvolyse  eines  Festtrelbstoffbinders  mit  inerten  Polyetherpolyolen 

Zwei  Modell-Festtreibstoffproben  und  die  dafur  verwendeten  Polyetherdiole  Lupranol 
1000  und  Lupranol  2021  wurden  bei  170  °C  mit  reinem  Wasser,  0,1  n  NaOH  und  0,5 
n  NaOH  zwei  Stunden  solvolysiert.  Die  Einwaagen  lagen  zwischen  0,4  g  und  1  g.  Es 
wurden  bewuRt  drastische  Bedingungen  gewahit,  urn  eine  abbauende  Wirkung  zu 
erkennen.  Beide  Diole  werden  praktisch  nicht  verandert,  wie  die  Molmassenver- 
teilungen  (MMV)  der  unbelasteten  und  belasteten  Proben  zeigen,  Abb.  2  und  Abb.  3. 
Die  charakteristischen  Molmassenwerte  Mn  (Zahlenmittei),  Mw  (Massenmittel),  Mz 
(Z-Mittel)  und  Mmax  (Maximumlage  der  MMV)  sind  nur  sehr  wenig  zu  niedrigeren 
Werten  verschoben,  Tabelle  1. 

Der  Binder  mit  60  %  Ammoniumperchlorat  (FTS-1)  und  der  reine  Binder  (FTS-2)  sind 
bei  170  ‘"C  mit  0,5  n  NaOH  vollstandig  aufschiieBbar.  Die  Polyoikomponenten  sind  in 
hohen  Ausbeuten  erhaltlich.  Aus  FTS-1  sind  im  Mittel  84  %,  aus  FTS-2  uber  90  %  an 
Lupranol  wiedergefunden  worden.  Der  Anteil  an  freigesetztem  Ammoniumperchlorat 
wurde  uber  das  Perchloratanion  bestimmt,  er  lag  bei  98  %.  Bei  FTS-1  kam  es  zu 
leichter  Gasbildung,  etwa  8,1  mi  pro  g  FTS-1.  Bei  den  anderen  Solvolysen  wurde 
keine  Gasbildung  festgestellt.  Die  MMV-Daten  der  Lupranole  aus  FTS-1  und  FTS-2 
sind  in  Tabelle  1  enthalten;  auch  hier  fielen  die  Anderungen  der  MMV  gegenuber 
den  originalen  Diolen  gering  aus. 

Im  Gegensatz  dazu  lieB  sich  der  FTS-Binder  HTPB-lPDI  (Hydroxyterminiertes 
Polybutadien-lsophorondiisocyanat)  durch  einfache  Hydrolyse  nicht  aufspalten  /6/. 


6.2  Solvolyse  des  energetischen  Polyetherpolyols  GAP  und  Azidgruppenbe- 
stimmung 

A!s  Polyetherdiol  sollte  sich  GAP  solvolytisch  wie  die  Lupranole  verhalten.  Es  wurde 
ebenfalls  zunachst  bei  den  hoch  belastenden  Solvolysebedingungen,  170  °C,  2  h, 
untersucht.  Solvoiysemittel  waren  reines  Wasser,  0,05  n  NaOH  sowie  zusatzlich  n- 
Heptan  und  Toluol.  Alle  behandelten  GAP-Proben  waren  wie  unbehandeltes  GAP  in 


Dichlormethan  loslich  und  ahnlich  viskos,  letzteres  bis  auf  die  mit  0,05  n  NaOH  soi- 
volysierte  Probe,  sie  war  deutlich  weniger  viskos.  Die  Molmassenverteilungen  der 
behandelten  Proben  unterscheiden  sich  im  Vergleich  zu  dem  Ergebnis  bei  den  Lu- 
pranolen  viel  mehr  von  der  originalen  Probe.  Die  Verteilungen  werden  niedriger  und 
breiter,  besonders  nehmen  die  Anteile  auf  der  hohermolekularen  Seite  zu.  Abb.  4. 

Urn  die  belasteten  Proben  weiter  zu  charakterisieren,  wurde  der  Azidgruppengehalt 
mit  der  Infrarotabsorption  der  asymmetrischen  Na-Streckschwingung  bei  2100  cm'^ 
und  uber  den  mit  der  DSC  bestimmten  Energiegehalt  ermittelt.  Die  IR-Azidgruppen- 
bestimmung  erfoigte  mit  dem  schon  beschriebenen  Verfahren  /7/.  Mit  Kalibrier- 
losungen  von  unbehandeltem  GAP  in  Dichlormethan  wurde  die  spezifische 
Absorption  der  asymmetrischen  Na-Streckschwingung  erhalten.  Zur  Steigerung  der 
Genauigkeit  wurden  integrierte  Bandenintensitaten  verwendet  /8/.  Da  die  nieder- 
frequente  Haibbande  nur  im  Auslauf  Stdrungen  aufweist,  wurde  vom  Bandenmaxi- 
mum  bei  2104  cm'^  bis  zu  2064  cm'^  integriert. 

Nach  Lambert-Beer  gilt 

(1)  A(o)  =  lg!^  =  e(o)-cl 

'p\^/ 

mit: 

a:  Wellenzahi  [cm'^j 

A(a):  Absorbanz  (Extinktion) 

lR(a):  Intensitatsspektrum  der  Referenzprobe 

lp({7):  Intensitatsspektrum  der  Probe 

8{a):  Massenabsorptivitat  [Flache/Massej 

c:  Konzentration  [Masse/Volumen] 

I;  geometrische  Schichtlange  [Lange]. 

Referenzprobe  war  Dichlormethan.  Die  Spektren  wurden  mit  einem  Fourier-Trans- 
form-IR-Spektrometer  der  Fa.  Nicolet,  Typ  60SX,  in  einer  Flussigkeitszelle  mit  NaCI- 
Fenstern  bei  4  cm’^  Auflosung  aufgenommen.  Die  Schichtlange  betrug  5,02-10^  cm. 
Mit  der  integrierten  Intensitat,  Gl.  (2),  wurde  die  Na-Gehalt-Abnahme  relativ  zum  N3- 
Gehalt  des  unbelasteten  GAP,  Gl.  (3),  bestimmt. 


(2) 


B(ct)  ==  f  e(a)da  =  f da 


Ic 


(3) 


reiativer  N3  -  Gehalt  = 


B(a)  [behandeltes  GAP] 
B{a)  [unbehandeltes  GAP] 


Der  Energiegehalt  des  GAP  ist  proportional  dem  Na-Gehalt.  DSC-Thermogramme, 
Aufheizrate  2  °C/min,  der  GAP-Proben  warden  zwischen  170  °C  und  260  °C  ausge- 
wertet.  Unbehandeltes  GAP  setzt  eine  Energie  von  2447  J/g  frei.  Das  Verhaltnis  der 
Zersetzungsenergien  der  behandelten  GAP-Proben  zu  originalem  GAP  ist  ein  MaB 
fur  den  relativen  Na-Gehait.  Mit  der  Infrarotabsorption  ist  auch  der  absolute  Na-Ge- 
halt  bestimmbar  111.  Die  Ergebnisse  sind  zusammen  mit  den  Molmassenwerten  in 
Tabelle  2  aufgelistet.  Beide  Bestimmungsmethoden  fur  den  relativen  Na-Gehalt 
stimmen  im  Rahmen  der  Reproduzierbarkeit  (DSC  ±  3  %,  IR-Absorption  ±  2  %)  gut 
uberein. 

Das  Polyetherdiol  GAP  sollte  als  Binder  aus  GAP  und  Desmodur  N100  wie  die 
Lupranolbinder  vollig  aufgespalten  werden.  Es  wurde  bei  170  °C  eine  Stunde  mit 
0,05  n  NaOH  solvolysiert.  Der  GAP-Binder  verhalt  sich  allerdings  nicht  wie  der 
Lupranolbinder.  Es  entstand  ein  in  Dichlormethan  loslicher  Anteil  von  nur  1  %  der 
Einwaage.  Der  feste  Ruckstand  konnte  auch  in  Losungsmittein  nicht  gelost  werden. 
Die  Ursache  ist  vermutlich  eine  Vernetzung  uber  die  Stabilisierungsreaktion  des  bei 
der  Stickstoffabspaltung  aus  der  Na-Gruppe  gebildeten,  sehr  reaktiven  Nitrens, 
welches  sofort  intra-  und  intermolekulare  Insertionsreaktionen  eingeht  und  somit  zu 
solvolytisch  nicht  spaltbaren  C-N-Bindungen  fuhrt.  Bei  den  Solvolysen  des  GAP  und 
des  GAP-N1 00-Binders  war  auch  eine  Gasentwicklung  zu  beobachten.  Gefunden 
warden  N2,  N2O,  wenig  CO,  CO2,  O2  und  NOx  in  ppm-Mengen.  An  ionischen  Pro- 
dukten  wurde  Ammonium  nachgewiesen,  NHa  in  der  Gasphase  wurde  nicht  be- 
stimmt.  Die  Tabelle  3  zeigt  die  gefundenen  Gasmengen  fur  20  °C,  1  atm  bezogen 
auf  1  g  Probe. 
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6.3  Solvolyse  des  KHP 

Das  KHP  wurde  bei  130  °C,  150  °C  und  170  “C  mit  reinem  Wasser  und  mit  0,05  n 
NaOH  uber  jeweils  10  min,  30  min  und  60  min  solvolysiert.  Abb.  5  zeigt  die  Hexogen- 
ausbeuten  sowohl  graphisch  als  auch  tabeilarisch.  Mit  steigender  Alkalitat, 
Solvolysezeit  und  Solvolysetemperatur  nimmt  die  Ausbeute  ab.  Bereits  eine  zehn- 
minutige  Hydrolyse  bei  130  °C  erlaubt  eine  Ruckgewinnung  des  Hexogens  zu  uber 
95  %.  Mit  DSC  und  Schmelzpunktbestimmung  wurde  die  Reinheit  des  Hexogens 
nachgewiesen,  die  Ubereinstimmung  mit  dem  eingesetzen  Hexogen  erwies  sich  als 
sehr  gut.  Es  gab  immer  ein  Binderruckstand  aus  den  Grunden  wie  in  Abschnitt  6.2 
diskutiert. 

Bei  alien  Solvolysen  des  TIP  KHP  trat  eine  Gasentwicklung  auf.  Abb.  6  zeigt  die  be- 
stimmten  Gesamtgasvolumina.  Hauptkomponente  war  N2,  gefoigt  von  NgO,  CO2,  O2 
und  CO.  In  Abb.  7  sind  fur  eine  Solvolyse  bei  170  °C,  1  h  fur  beide  Solvolysemittel 
die  Gasmengen  der  Einzelkomponenten  pro  g  KHP  angegeben.  Der  Binderanteil 
betragt  beim  KHP  nur  14  %.  Entsprechend  den  Daten  aus  Tabelle  3  fiir  die  GAP- 
Solvolysen  erkennt  man,  daB  die  Hauptmengen  der  gasformigen  Produkte  aus  der 
Zersetzung  des  Hexogens  stammen. 

Von  einigen  Solvolyselosungen  sind  in  der  Tabelle  4  die  ionischen  Reaktionspro- 
dukte  Nitrit  NO2',  Nitrat  NOa,  Hydrogencarbonat  HCOa’  und  Ammonium  NH/, 
zusammengestellt.  Beim  Abbau  des  Hexogens  wird  auch  Formiat  gebildet.  In  der 
Literatur,  siehe  Abschnitt  6.4.2,  wird  fur  die  waBrige  alkalische  Hydrolyse  die  Bildung 
von  Formaldehyd  CH2O,  und  Ammoniak  NH3,  angegeben.  Formaldehyd  wurde 
organoleptisch  erkannt,  konnte  aber  nicht  quantifiziert  warden.  Die  zitierte  Arbeit  sagt 
nichts  uber  die  Bildung  von  Nitrat  aus,  welches  hier  in  deutlichen  Mengen  gefunden 
wurde.  Die  dortigen  Untersuchungsbedingungen  waren  jedoch  auch  andere:  25  °C, 
35  °C  und  45  ®C  und  nur  geringe  Konzentrationen  an  RDX  gelost  in  Wasser. 
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6.4  Zersetzungsmechanismen  fiir  Hexogen 

Da  bei  relativ  hohen  Temperaturen  solvoiysiert  wurde,  soilte  auch  mit  thermischer 
Zersetzung  gerechnet  werden.  Aus  der  adiabatischen  Selbstaufheizung,  gemessen 
mit  dem  ‘Accelerating  Rate  Calorimeter’  (ARC,  Columbia  Scientific  Industries,  USA) 
/9/,  kann  auf  eine  thermisch  ausgeloste  Zersetzung  in  der  kristallinen  Phase  schon 
unterhalb  von  180  “C  geschlossen  werden.  In  verdunnten  Losungen  von  Cyclo- 
hexanon  oder  Wasser  liegt  der  mit  dem  ARC  erkennbare  Zersetzungsbeginn  bereits 
urn  120  °C. 


6.4.1  Thermische  Zersetzung  des  Hexogens 

Die  thermische  Zersetzung  des  Hexogens  und  ihre  kinetisch-mechanistische 
Deutung  ist  kompliziert,  schon  vielfach  untersucht  worden  und  noch  Gegenstand  der 
Forschung.  Die  Reaktionsprodukte  der  Zersetzungsreaktion  wurden  im  Temperatur- 
bereich  von  180  °C  bis  300  °C  von  mehreren  Arbeitsgruppen  bestimmt.  Sie  variieren 
etwas  quantitativ  aber  auch  qualitativ,  je  nach  Versuchsfuhrung  und  wohl  auch  mit 
der  analytischen  Leistungsfahigkeit. 

Eine  der  fruheren  umfangreichen  Arbeiten  ist  von  Robertson  /10/.  Er  untersuchte  die 
RDX-Zersetzung  im  Temperaturbereich  213  °C  bis  299  °C  mit  Mengen  zwischen 
4  mg  und  45  mg  und  fand  folgende  Reaktionsprodukte  (mol/mol  RDX):  N2  (1,16), 
N2O  (0,98),  NO  (0,54),  CO2  (0,48),  CO  (0,40),  H2  (0,09)  und  nicht  quantifiziert  CH2O 
und  H2O.  Er  wies  kein  NO2,  NH3  und  HCN  nach. 

Rauch  und  Fanelli  711/  fanden  zusatzlich  HCN,  konnten  NO2  bei  der  Gasphasenzer- 
setzung  nachweisen,  geben  aber  kein  N2  an. 

Batten  712/  erkannte,  daB  CH2O  die  Zersetzung  des  RDX  in  der  festen  und  flussigen 
Phase  beschleunigt.  NO2  hat  eine  retardierende  Wirkung,  was  auf  die  Reaktion  des 
NO2  mit  CH2O  und  damit  dessen  Entfernung  zuruckgefuhrt  wird. 


Cosgrove  und  Owen  7137  versuchten  das  Produktspektrum  vollstandig  zu  erfassen. 
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Sie  fanden  bei  195  °C  folgende  Reaktionsprodukte  (mol/mol  RDX);  N2  (1,26), 
N2O  (1,08),  NO  (0,51),  CO2  (0,70),  CO  (0,36),  CH2O  (1,04),  HCOOH  (0,37),  NH3 
(0,34),  NOa'  (0,1),  NO2’  (0,02).  Als  Zersetzungsruckstand  wurde  N-Hydroxy-N- 
Methylformamid  identifiziert.  Auch  sie  fanden,  da3  CH2O  die  Zersetzung  von  RDX 
fordert.  Bei  ihrer  VersuchsfOhrung  war  die  Zersetzung  in  der  Gasphase  dominierend. 

Hoffsommer  und  Glover  /1 4/  untersuchten  die  Zersetzung  von  RDX  in  Benzol  und 
D6-Benzol  zwischen  180  °C  und  200  °C  und  in  der  Schmelze  bei  210  °C.  In  den 
benzolischen  Lbsungen  nahm  RDX  nach  einer  Reaktion  1.  Ordnung,  in  der 
Schmelze  nach  0.  Ordnung  ab.  Sie  identifizierten  als  Reaktionsprodukt  im  geschwin- 
digkeitsbestimmenden  Schritt  N-Nitroso-’RDX’,  eine  N02-Gruppe  ist  durch  eine  NO- 
Gruppe  ersetzt.  Die  N-NO-Gruppe  entstand  durch  die  Abspaltung  einer  OH-Gruppe 
aus  N-NO2  nach  der  Protonenabstraktion  vom  Losungmittel  Benzol. 

Pfeil,  Krause  und  Eisenreich  /15/  untersuchten  die  thermische  RDX-Zersetzung  bei 
sehr  unterschiedlichen  Aufheizraten:  !R-spektroskopische  Analyse  der  Gasentwick- 
lung  bei  etwa  5  °C  /min,  Abbrand  in  der  optischen  Bombe  bei  10^  bis  10®  °C/min  mit 
UV-VIS-Analyse  der  Flammenreaktionsprodukte  NH,  CH,  OH  und  CHO/CH2O  sowie 
Laserimpulsaufheizung  mit  etwa  10^^  °C/min  und  flugzeitmassenspektrometrischer 
Analyse  der  Pyro lyse p rod ukte  NO,  H2CN,  CN,  HCN  und  je  nach  Pulsenergie  Ring- 
fragmente  wie  H-C-N,  N-CH2-N,  N-CH2-N-CH2,  N-CH2-N-CH2-N.  Die  Ringbruch- 
stucke  spalten  schnell  NO2  ab.  Bei  langsamer  thermischer  Zersetzung  (5  °C/min) 
warden  folgende  Reaktionsprodukte  gefunden:  N2O,  CH2O,  HCN,  NO,  CO2,  CO, 
H2O,  CH3OH  und  NH3.  Nicht  detektiert  werden  konnte  eventuell  gebildetes  N2.  Aus 
der  zeitlichen  Entwicklung  der  Reaktionsprodukte  wurde  geschlossen,  daf3  N2O, 
CH2O  und  HCN  primare  Reaktionsprodukte  sind,  NO  und  CO2  sowie  die  anderen 
Produkte  entstehen  durch  Reaktion  aus  oder  zwischen  den  Reaktionsprodukten,  ver- 
mutlich  unter  N02-Beteiligung.  Diese  Ergebnisse  lassen  auf  ein  C-N-Bindungsbruch 
als  Hauptreaktion  bei  langsamer  Zersetzung  schlieOen.  Bei  schneller  Aufheizung 
zerfallt  das  RDX-Molekul  isoliert  in  der  Gasphase,  so  da3  hier  N-N-Bindungsbruch 
und  N02-Abspaltung  zu  den  primaren  Reaktionsschritten  zahlen.  C-N-Bindungs- 
bruch  dominiert  in  der  kondensierten  Phase. 

Behrens  und  Bulusu  /1 6/  teilen  die  bisherigen  Ergebnisse  in  ein  Schema  der 
Hauptzersetzungswege  ein: 


•  N-N-Bindungsspaltung  mit  N02-Bildung 
RDX  — >  NO2  +  H2C=:NI  +  2  H2C=N-N02 

•  konzertierte  Dreifach-Spaltung 
RDX  — >  3  H2C=N-N02 

•  HONO-Eliminierung 

RDX  — ^  3  MONO  +  3  HCN 

Das  Methylennitramin  kann  in  zwei  Weisen  zerfallen: 

H2C=N-N02  — >  MONO  +  HCN 

— >  CH2O  +  N2O 

In  der  kristallinen  Phase  zersetzt  sich  RDX  langsam,  sehr  viel  schneller  in  der 
flussigen  Phase  bzw.  in  der  Schmelze.  Die  Autoren  fanden  folgende  Reaktions- 
produkte  (keine  Umsatzangaben):  N2O,  CH2O,  NO,  CO,  HCN,  H2O,  NO2,  HONO, 
NH2CHO,  CH3-NH-CHO,  Oxytriazin  (OT),  1-Nitroso-3,5-Dinitrohexahydrotriazin 
(ONDNTA).  Bei  ihrer  Reaktionsfuhrung  in  einer  spezieilen  TGA-MS-Apparatur  wurde 
kein  N2  gefunden,  auch  nicht  NH3,  HCOOH,  CO2.  Fur  ihre  Ergebnisse  geben  sie 
folgende  vier  Zersetzungswege  mit  einer  Vorkommenswahrscheinlichkeit  an: 

30% 

10% 

35% 

25% 

K  ist  ein  Katalysator  aus  dem  Produktspektrum,  der  nicht  naher  bezeichnet  wurde. 

Die  Bildung  des  Produkts  Oxytriazin  ist  in  der  Abb.  8  dargestellt.  Die  Reaktionswege 
zu  seiner  Bildung  warden  aus  Isotopenmarkierungsergebnissen  geschlossen. 
ONDNTA  bildet  sich  durch  Abspalten  eines  NOa-Radikals  und  anschliefBende 
Addition  eines  NO-Radikals. 


RDX  - >  OT  +  H2O  +  NO  +  NO2 

- >  NO2  +  H2CN  +  2  N2O  +  2  CH2O 

ONDNTA  — "  N2O  +  CH2O  +  .. 
N2O  +  CH2O  +  NO2  +  NH2CHO 


44-13 


6.4.2  Zersetzung  des  Hexogens  In  waBrigen  Losungen 

Das  Produktspektrum  der  Zersetzung  des  Hexogens  bei  der  waBrigen  und 
alkalischen  Hydrolyse  ist  ahniich  zu  dem  bei  der  thermischen  Zersetzung.  Die 
Bildung  ionischer  Produkte  ist  jedoch  stark  ausgepragt. 

Somlo  717/  fand  1940  bei  der  alkalischen  Hydrolyse  des  RDX  bei  60  “C  in  1  n  NaOH 
folgende  Reaktionsprodukte  pro  mol  umgesetztem  Hexogen: 

0,8  m  als  Summe  von  NO3’  und  NO2 , 

3,5  m  Sauren,  davon  2,7  m  organische  Sauren,  ervermutete  HCOOH, 

0,88  m  NH3, 

1 ,89  m  N2 

und  nicht  quantifizierter  Formaldehyd. 


Epstein  und  Winkler  718/  fuhrten  eine  alkalische  Hydrolyse  in  acetonischer  Losung 
bei  0  °C  und  15,5  °C  durch.  thr  RDX  wurde  schnell  zersetzt,  sie  gaben  keine  Reak¬ 
tionsprodukte  an. 

Jones  7197  untersuchte  die  Reaktion  von  RDX  in  methanolischer  Losung  mit 
CH3OH/KOH,  CHsONa  und  CH30Li  zwischen  19  °C  und  rund  45  °C.  Er  stellte  aus 
seinen  Ergebnissen  folgendes  Reaktionsschema  auf: 


RDX  +  OCHg' 
A  +  OCHa’ 

B‘  +  OCHa' 
C"' 


schnell 


schnell 


k. 


A  +  CH3OH  +  N02' 
B'  +  CH3OH 
C^'  +  CH3OH 
D'  +  NOs' 


Die  Reaktionsgeschwindigkeitskonstanten  ki  und  k2  haben  folgende  Eyring- 
Parameter: 


ah'" 

[kJ7mol] 

AS" 

[J7K7mol] 

,  Ea 

[kJ7mol] 

An" 

ki 

116,7 

98,7 

121,7 

-1 

k2 

92 

-33 

92 

1 
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Eine  detailiierte  Arbeit  wurde  von  Hoffsommer,  Kubose  und  Glover  720/  bei  25  °C, 
35  °C  und  45  °C  und  mit  0,02  n  bis  0,25  n  NaOH  durchgefuhrt.  Sie  verwendeten  zur 
mechanistischen  Deutung  auch  deuteriertes  RDX.  Die  Autoren  fanden  folgende 
Hydrolyseprodukte  (mol/mo!  RDX):  N02'(1,1),  N2O  (1,2),  CH2O  (1,1),  N2  (0,12),  NH3 
(0,9),  HCOO'  (0,7).  Nicht  gefunden  warden:  NOa',  CO,  CO2,  NO,  NO2  und  O2.  Aus 
dem  H/D-kinetischen  Isotopeneffekt  schlossen  sie  auf  die  Abspaltung  von  durch 
OH'  von  einer  Methylengruppe  des  RDX  als  ersten  Reaktionsschritt,  verbunden  mit 
einer  konzertierten  Abspaltung  eines  Nitritions.  Es  entsteht  1,3,5-Triaza-3,5- 
Dinitrocyclohexen-1,  siehe  Abb.  9,  (I).  Dieser  Reaktionsschritt  wurde  auch  schon  von 
Jones  719/  vermutet.  Das  Produkt  (I)  wurde  aber  von  Hoffsommer  u.a.  nicht  definitiv 
nachgewiesen,  es  wird  nur  darauf  geschlossen.  Es  ist  zu  vermuten,  da6  ein  weiteres 
Molekul  HONO  in  einer  schnellen  Reaktion  eliminiert  wird  und  erst  dieses  Produkt 
(li),  Abb.  9,  weiter  hydrolysiert  wird.  Dies  ist  ein  ahniicher  Weg  wie  bei  der  Bildung 
des  Oxytriazins,  Abb.  8.  Die  Autoren  isolierten  ein  Hydrolyseprodukt  und  nahmen  (I) 
an,  doch  im  Massenspektrum  konnten  sie  nur  (II)  nachweisen. 

Die  -N=CH-Gruppen  in  den  Hydroiyseprodukten  (I)  Oder  (II)  werden  zu  HON  und 
dieses  bei  den  hier  vorliegenden  Solvolysebedingungen  weiter  zu  HCOOH  und  NH3 
hydrolysiert,  womit  ein  Weg  zu  diesen  Reaktionsprodukten  gegeben  ist.  Nach  der 
Abspaltung  der  zwei  HCN-Gruppen  in  (II)  kann  das  Methylennitramin  zerfallen  in 
CH2O  und  N2O,  Abb.  10,  es  ist  auch  der  Weg  zu  HON  und  HONO  moglich.  Aus  dem 
Produktspektrum  der  KHP-Solvolysen  kann  man  schlieBen,  daB  in  der  waBrigen 
Phase  die  Bildung  von  CH2O  und  N2O  uberwiegt,  da  eine  relativ  starke  N20-Bildung 
gefunden  wurde. 

Die  bisher  angegebenen  Zerfailsreaktionen  erklaren  nicht  alie  Reaktionsprodukte,  es 
fehlen  noch  CO2,  CO,  N2,  O2  und  NOs'.  Bildungsmoglichkeiten  sInd  Reaktionen  von 
und  zwischen  den  Produkten.  Ameisensaure  kann  zu  H2O  und  CO  zerfallen: 

HCOOH  ^  H2O  +  CO 

HCOO'  ^  OH'  +  CO 

Nitrit  wird  in  groBerer  Menge  gebildet.  Da  der  pH-Wert  wahrend  der  Solvolyse  durch 
Verbrauch  des  OH'  abnimmt,  kann  die  salpetrige  Saure  disproportionieren: 


44-15 


3  HN02  HNO3  +  2  NO  +  H2O 

Dies  erklart  das  Auftreten  von  NO3’  und  die  geringen  Konzentrationen  an  NO2  in  den 
vorliegenden  Hydroiysen.  NO  seibst  kann  unter  diesen  Bedingungen,  da  die  Ver- 
suche  unter  Heliumatmosphare  durchgefuhrt  wurden,  wieder  zu  HNO2  reagieren.  Da 
jedoch  O2  als  Reaktionsprodukt  gefunden  wurde,  ware  eine  mogliche  Quelle  der 
Zerfall  der  HNO3: 

2  HNO3  — ^  H2O  +  2  NO2  +  1/2  O2 
NO2  kann  CO  zu  CO2  und  CH2O  zu  HCOOH  oxidieren, 

N2O  ist  bei  den  Temperaturen  der  Solvolysen  thermodynamisch  instabil,  die  Zerfalls- 
reaktion  ist  aber  durch  die  mittelhohe  Aktivierungsenergie  von  etwa  250  kJ/mol  ge- 
hemmt. 

N2O  — ^  N2  +  V2  O2 

Es  gibt  jedoch  Reaktionen  mit  niedrigeren  Aktivierungsenergien,  z.B.  /21/ 

Ea  [kJ/mol] 

N2O  +  O  ^  N2  +  O2  "I  "1 7 

N2O  +  H  — >  OH  +  N2  63 

Fur  Stickstoff  als  Reaktionsprodukt  fehit  noch  ein  bei  diesen  Reaktionsbedingungen 
moglicher  Entstehungsweg.  Es  ist  bekannt,  daB  NH4''  und  N02'  zu  N2  und  H2O 
reagieren: 

NH/  +  N02'  — ^  N2  +  2  H2O 
NH3  +  MONO  — >  N2  +  2  H2O 

Dieser  Entstehungsweg  vermindert  sowohl  N02'  als  auch  NH3  bzw.  NH/  im  Reak- 
tionsproduktspektrum,  wie  auch  in  weiteren  Arbeiten  gefunden  wurde. 


7.  Zusammenfassung 


Es  wurde  die  Ruckgewinnung  von  Polyetherpolyoien  und  Ammoniumperchlorat  (AP) 
aus  einem  Modell-Festtreibstoff  (FTS)  mit  60  %  AP  und  von  Hexogen  und  GAP  aus 
dem  Treibladungspulver  KHP  durch  Solvoiyse  mit  reinem  Wasser  und  alkalischem 
Wasser  (0,05  n  bis  0,5  n  NaOH)  zwischen  130  °C  und  170  “C  untersucht. 

Der  FTS-Binder,  hergestellt  aus  den  Polyetherdiolen  Lupranol  1000  und  2021  und 
dem  Vernetzer  Desmodur  T80,  ist  solvolytisch  gut  aufschlieBbar,  die  Polyole  konnen 
in  Ausbeuten  bis  uber  90  %  ruckgewonnen  werden.  Der  freigesetzte  AP-Anteil  wurde 
uber  das  Perchloratanion  ionenchromatographisch  bestimmt,  er  lag  bei  98  %.  Die 
Lupranole  werden  auch  bei  hohen  solvolytischen  Belastungen,  170  °C,  zwei  Stunden 
Solvolysezeit,  kaum  verandert,  wie  der  Vergleich  der  Molmassenverteilungen  (MMV) 
zwischen  den  originalen  und  den  ruckgewonnenen  Diolen  zeigt. 

GAP  ist  ebenfalls  ein  Polyetherdiol  auf  der  Basis  Propan-1 ,2-diol  mit  Azidgruppen. 
Ein  GAP-Binder  sollte  sich  solvolytisch  wie  ein  Lupranol-Binder  verhalten.  Das  ist 
nicht  der  Fall.  Durch  die  Abspaltung  von  Stickstoff  aus  der  Ns-Gruppe  bildet  das 
dadurch  entstehende  sehr  reaktive  Nitren  intermolekulare  C-N-Bindungen,  welche 
solvolytisch  nicht  spaltbar  sind.  Die  Ns-Gehaltabnahme  durch  die  solvolytische 
Belastungen  wurde  uber  die  Infrarotabsorption  der  asymmetrischen  N3- 
Streckschwingung  und  uber  die  Abnahme  des  mit  der  DSC  bestimmten 
Energiegehalts  untersucht.  In  reinem  Wasser  bei  170  °C  und  einer  Stunde 
Solvolysezeit  nimmt  der  Ng-Gehalt  urn  etwa  9  %  bis  10  %  ab,  bei  zwei  Stunden 
sind  es  18  %.  Die  MMV  der  solvolysierten  GAP-Proben  werden  niedriger  und  breiter, 
der  hohermolekulare  Anteil  nimmt  zu. 

Das  KHP  wurde  bei  130  °C,  150  '"C  und  170  °C  mit  reinem  Wasser  und  0,05  n 
NaOH  solvolysiert,  mit  Solvjiysezeiten  von  jeweils  10  min,  30  min  und  60  min.  Mit 
steigender  Alkalitat,  Solvolysezeit  und  Solvolysetemperatur  nimmt  die  Ausbeute  an 
Hexogen  ab.  Bereits  eine  zehnminutige  Hydrolyse  bei  130  °C  erlaubt  eine 
Ruckgewinnung  des  Hexogens  von  uber  95  %.  Dessen  Reinheit  war  hoch,  wie  die 
Ubereinstimmung  des  Schmelzpunktes  mit  dem  fur  das  KHP  verwendeten  Hexogen 
zeigte.  Die  Ruckgewinnung  des  GAP  war  nicht  moglich. 


Bei  alien  Solvolysen  des  KHP  entstanden  als  Zersetzungsprodukte  Gase  und  lonen. 
Bei  den  Gasen  war  N2  die  Hauptkomponente,  gefoigt  von  N2O,  daneben  warden 
noch  CO2,  O2  und  CO  nachgewiesen.  NH3  und  CH2O  warden  nicht  quantifiziert. 
lonische  Produkte  sind  NO2 ,  NO3 ,  HCO3 ,  HCOO  und  NH4  .  Aus  den  Unter- 
suchungen  zum  Zersetzungsverhalten  von  Hexogen  sowohl  thermisch,  in  Losung 
von  organischen  Ldsungsmittein  als  auch  in  waBrigen,  alkalischen  Losungen  kann 
man  schlieBen,  daB  N2.  O2,  CO,  CO2,  HCOOH  und  NH3  erst  durch  Reaktionen 
zwischen  den  Zersetzungsprodukten  und  der  Zersetzungsprodukte  mit  dem 
Solvolysemittel  gebildet  werden. 
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Tabelle  1:  Solvolysen  der  Lupranole  1000  und  2021  bei  170  °C  und  2  h. 


Tabeile  4:  lonische  Reaktionsprodukte  aus  einigen  Soivolysen  bei  170 


Druckschraube 


LU  1000/original 
LU  1000/H20/170°C/2h 
LU  1000/0. In  NaOH/170°C/2h 


In  Na0H/170°C/Eh 
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GAP/HoO/iyO^C/lh 
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Abb.  8:  Zersetzung  des  Hexogens  zum  Oxytriazin  /nach  16/. 
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Einfluss  von  Temperatur  und  Feuchtigkeit  auf 
pyrotechnische  Ausgangskomponenten  und  MIschungen 


F.  Tschan,  B.  Berger,  H.R.  Bircher 
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Abstract 

Der  Einfluss  von  Temperatur  und  Feuchtigkeit  auf  vier,  in  der  Pyrotechnik  haufig 
verwendete  Reduktionsmittel  sowie  auf  entsprechende  pyrotechnische  Mischun- 
gen  wurde  mittels  Mikrokalorimetrie  und  "Gas  Flow  Ampoule  System"  (GFAS) 
ermittelt.  Die  untersuchten  Reduktionsmittel  waren  Zirkon,  Zirkonhydrid,  Zirkon- 
Nickel-Legierung  70:30  und  Titan.  Als  pyrotechnische  Modellmischungen  dienten 
Zirkon  /  Kaliumperchlorat,  Zirkonhydrid  /  Kaliumperchlorat,  Zirkon-Nickel-Legie- 
rung  70:30  /  Kaliumperchlorat  sowie  Titan  /  Kaliumperchlorat. 

Die  Messergebnisse  zeigen,  dass  sowohl  an  der  Zirkonoberflache  als  auch  an 
der  Zirkonhydridoberflache  bei  erhdhter  Temperatur  und  Feuchtigkeit  Reaktionen 
stattfinden,  wobei  die  Reaktion  bei  Zirkonhydrid  schwach  ist.  Kaum  einen  Einfluss 
hatten  die  Testbedingungen  auf  Titan  und  Zirkon-Nickel-Legierung  sowie  auf  die 
vier  pyrotechnischen  Mischungen. 

The  influence  of  temperature  and  humidity  on  four  reducing  agents  and  on  four 
pyrotechnic  mixtures,  very  oftenly  used  in  pyrotechnics,  was  determined  by 
means  of  microcalorimetry  and  "Gas  Flow  Ampoule  System"  (GFAS).  The 
following  reducing  agents  have  been  tested:  Zirconium,  zirconium  hydride, 
titanium  and  zirconium-nickel-alloy.  The  mixtures  of  zirconium  and  potassium 
perchlorate,  zirconium  hydride  and  potassium  perchlorate,  titanium  and 
potassium  perchlorate  and  zirconium-nickel-alloy  and  potassium  perchlorate  have 
been  tested  as  applied  compounds. 

The  results  indicate,  that  there  are  reactions  at  increased  temperature  and  hu¬ 
midity  on  the  surface  of  zirconium  as  well  as  of  zirconium  hydride,  whereby 
zirconium  hydride  shows  a  slight  reaction.  The  stability  of  titanium  and  zirconium- 
nickel-alloy  and  the  four  investigated  pyrotechnic  mixtures  seems  not  to  be 
influenced  by  humidity  at  70  ®C. 
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1.  Einleitung 

1975  beschrieb  Prof.  Dr.  Schubert,  Leiter  des  Fraunhofer  Institutes  fur  Chemische 
Technologie  in  Pfinzthal,  die  Situation  in  der  miiitarischen  Pyrotechnik  mit  den 
folgenden  treffenden  Worten  [1]; 

"Die  Pyrotechnik  macht  meist  nur  dann  von  sich  reden,  wenn  durch  das  Versagen 
pyrotechnischer  Anordnungen  das  Waffensystem  in  Frage  gestellt  wird  Oder  in- 
folge  geringer  Lebensdauer  umlaboriert  werden  muss.  Meist  ist  dann  das  Lamen- 
to  gross  -  aber  nur  selten  andert  sich  damit  die  Situation". 

Eine  der  Ursachen  fur  das  Fehiverhalten  von  pyrotechnischen  Komponenten  liegt 
haufig  schon  bei  den  Ausgangskomponenten  bzw.  deren  Lagerung.  Die  Aus- 
gangskomponenten  von  pyrotechnischen  Mischungen  sind  Reduktions-  und  Oxi- 
dationsmlttel  mit  Korngrdssen  von  einigen  wenigen  Mikron  und  demzufolge  mit 
grossen  Oberflachen.  Bei  den  Reduktionsmittel  handelt  es  sich  oft  urn  reine  Me- 
tallpulver,  auf  deren  Oberflache  in  Zusammenhang  mit  Luftfeuchtigkeit  und 
Warme  leicht  Oxide  gebildet  werden,  was  zu  einer  wesentlichen  Herabsetzung 
der  Reaktivitat  des  Reduktionsmittels  fiihrt.  Da  die  meisten  pyrotechnischen  Re- 
aktionen  topochemische  Redoxreaktionen  [2]  sind,  kann  eine  solche  Desaktivier- 
ung  der  Oberflache  des  Reduktionsmittels  zu  einer  Beeintrachtigung  bzw.  zu  ei- 
nem  vollstandigen  Ausfal!  von  pyrotechnischen  Komponenten  fuhren.  Eine 
Desaktivierung  des  Reduktionsmittels  kann  ebenfalls  bei  pyrotechnischen  Mi¬ 
schungen  erfolgen,  wenn  das  verwendete  Oxidationsmittel  hygroskopisch  ist  und 
so  Feuchtigkeit  In  die  Mischung  eingebracht  wird. 

In  einer  Grundlagenstudie  wurde  mittels  Mikrokalorimetrie  und  einem  "Gas  Flow 
Ampoule  System"  [3,  4]  das  Verhalten  von  einigen,  in  der  miiitarischen  Pyro¬ 
technik  haufig  verwendeten  Reduktionsmittel  sowie  entsprechender  pyrotechni¬ 
scher  Mischungen  in  feuchter  Atmosphere  und  bei  erhdhter  Temperatur  unter- 
sucht. 


2.  Ziel 

Ziel  der  Untersuchung  ist  es,  den  Einfluss  von  Feuchtigkeit  und  Temperatur  auf 
die  Reaktivitat  von,  in  der  Pyrotechnik  oft  verwendeten,  Metallpulvern  sowie  ent¬ 
sprechender  pyrotechnischer  Mischungen  abzuklaren.  Das  Oxidationsmittel  der 
gepruften  Mischungen  war  Kaliumperchlorat. 
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3.  Experimenteller  Teil 
3.1.  Untersuchungsmethode 

Zur  Abkiarung  des  EInflusses  von  Feuchtigkeit  und  Temperatur  auf  die  Reaktivitat 
von  Metallpulvern  sowie  entsprechender  pyrotechnlscher  Mischungen  warden  mi- 
krokalorimetrische  Warmeflussmessungen  durchgefuhrt.  Die  Messungen  erfolg- 
ten  mit  einem  "Thermal  Activity  Monitor  2277"  (TAM)  der  Firma  LKB  AB  in  Brom- 
ma/Schweden.  Die  Untersuchungen  unter  erhdhter  Feuchtigkeit  erfoigten  mit 
Hilfe  des  "Gas  Flow  Ampoule  Systems"  der  Firma  Bofors/Schweden.  Die  Stan- 
dardausfuhrung,  wie  sie  bei  uns  verwendet  wird,  erlaubt  Messungen  bei  ver- 
schiedenen  relativen  Luftfeuchtigkeiten  (RH). 

3.2  Untersuchungsbedfngungen 

Bei  unserer  Versuchsanordnung  warden  jeweils  500  mg  Metallpulver  bzw. 
500  mg  einer  pyrotechnischen  Mischung  eingewogen  und  deren  Warmefluss  bei 
60%  RH  gemessen.  Die  Versuchstemperatur  betrug  70°  C.  Die  Versuchsdauer 
erstreckte  sich  uber  30  Tage.  Die  gemessenen  Warmeflusse  warden  auf  eine 
Masse  von  1000  mg  referenziert.  Als  Vergleich  warden  die  Warmeflusskurven 
von  je  1000  mg  Metallpulver  bzw.  pyrotechnlscher  Mischung  unter  Normalbedin- 
gungen  gemessen.  Die  Differenz  der  Warmeflusse  bei  60%  RH  und  unter  Nor- 
malbedingungen  ist  ein  Mass  fur  die  Abhangigkeit  der  Stabilitat  bei  erhdhter  Luft- 
feuchtigkeit.  Vor  dem  eigentlichen  Messbeginn  warden  die  Proben  wahrend 
16  Stunden  unter  den  gleichen  Bedingungen,  unter  denen  der  Warmefluss 
bestimmt  wurde,  vorkonditioniert. 

3.3  Untersuchte  Metallpulver 

Bei  den  untersuchten  Metallpulvern  handelt  es  sich  urn  frisch  hergestellte  Muster 
der  Chemetall  AG,  Frankfurt,  die  unter  Inertgas  angeliefert  warden.  Das  Verhal- 
ten  der  folgenden  Reduktionsmittel  wurde  abgeklart: 

-  ZIrkon,  Typ  FA 

-  Zirkonhydrid,  Typ  F 

-  Titan,  Typ  S 

-  Zirkon-Nickel-Legierung  70:30,  Typ  A 
Die  Spezifikationen  sind  im  Anhang  aufgefuhrt. 


45  M 


3.4  Untersuchte  Mischungen 


Mischung  1 

Mischung  2 

Mischung  3 

Mischung  4 

56.8  Gew.%  Zr 

47.3  Gew.%  ZrH2 

40.9  Gew.%  Ti 

58.5  Gew.%  Zr-Ni-Leg. 

43.2  Gew.%  KCI04 

52.7  Gew.%  KCI04 

59.1  Gew.%  KCI04 

41.5  Gew.%  KCI04 

Die  aufgefuhrten  Mischungen  entsprechen  den  jeweiligen  Redoxsystemen  mit 
ausgeglichener  Sauerstoffbilanz. 


4.  Resultate 

4.1  AUgemeines 

Die  qualitative  Bestimmung  der  Reaktionsprodukte  erfoigte  mittels  Rdntgen- 
diffraktion.  Um  eine  Abschatzung  des  Unnsetzungsgrades  von  den  Metalipulver 
zu  den  entsprechenden  Oxiden  vornehmen  zu  kdnnen,  wurden  die  freigesetzten 
Energien  durch  numerische  Integration  der  Warmeflusskurven  ermittelt.  Aufgrund 
der  Standardbildungsenergien  der  Oxide  konnte  eine  Abschatzung  des  Umset- 
zungsgrades  fur  die  Messzeit  von  30  Tagen  bestimmt  warden.  Dabei  ist  zu  be- 
achten,  dass  sich  die  Umsetzungsgrade  bei  den  pyrotechnischen  Mischungen 
stets  auf  ein  Gramm  Reduktionsmittel  beziehen.  Zudem  wurde  bei  der  Zirkon- 
Nickel-Legierung  die  Berechnung  nur  auf  Zirkon  bezogen. 

4.2  Zirkon 

Unter  Normalbedingungen  weist  Zirkon  zu  Beginn  der  Messung  einen  hohen 
exothermen  Warmefluss  auf,  der  aber  schnell  abnimmt  und  sich  asymptotisch  der 
Nullinie  nahert.  Erfoigt  die  gleiche  Messung  bei  60%  RH,  so  misst  man  einen  ho¬ 
hen  Warmefluss,  der  nur  langsam  abnimmt  und  nach  30  Tagen  immer  noch  uber 
60  fiVJ/g  aufweist.  Die  Rdntgendiffraktionsanalyse  zeigt,  dass  sich  sowohl  unter 
Normalbedingungen  wie  auch  bei  60%  RH  Zirkonoxid  blldet.  Der  berechnete 
Umsetzungsgrad  unter  Normalbedingungen  betragt  0.021  %,  derjenige  bei 
60  %  RH  0.107  %.  Somit  erfoigt  die  Umwandlung  von  Zirkon  zu  Zirkonoxid  bei 
60  %  RH  rund  funf  Mai  schneller. 

4.3  ZIrkonhydrid 

Zirkonhydrid  zeigt  unter  Normalbedingungen  das  gleiche  Verhalten  wie  Zirkon, 
jedoch  ist  der  Warmefluss  zu  Beginn  um  rund  einen  Faktor  drei  kleiner.  Die  glei- 


Che  Messung  bei  60%  RH  ergibt  einen  ahniichen  Kurvenverlauf,  jedoch  liegt  die- 
ser  zu  Beg  inn  urn  etwa  10  /xW/g  und  nach  30  Tagen  urn  knapp  20  ptW/g  hdher. 
Mittels  Rontgendiffraktion  konnte  nachgewiesen  werden,  dass  sich  wiederum  in 
beiden  Fallen  Zirkonoxid  bildet.  Die  Umsetzungsgrade  betragen  bei  Normalbe- 
dingungen  0.01 1  %  und  unter  60  %  RH  0.032  %.  Die  Erhbhung  der  Luftfeuchtig- 
keit  begiinstigt  die  Bildung  von  Oxid  urn  den  Faktor  drei. 

4.4  Titan 

Die  Verlaufe  der  Warnneflusskurven  unter  Normalbedingungen  und  unter  60%  RH 
weisen  einen  ahniichen  Verlauf  auf,  jedoch  liegt  auch  hier  diejenige  bei  erhdhter 
Feuchtigkeit  etwas  hdher.  Der  Einfluss  ist  aber  sehr  gering.  Mit  Hilfe  der  Rdnt- 
gendiffraktion  konnten  keine  Reaktionsprodukte  nachgewiesen  werden.  Unter  der 
Annahme,  dass  sich  Titanoxid  bildet,  errechnen  sich  die  Umsetzungsgrade  unter 
Normalbedingungen  zu  0.005  %  und  bei  erhdhter  Feuchtigkeit  zu  0.011  %.  Der 
Einfluss  der  Feuchtigkeit  auf  die  Oxidationsrate  ist  auch  hier  feststellbar. 

4.5  Zirkon-Nickel-Legierung 

Der  Einfluss  der  Feuchtigkeit  scheint  bei  dieser  Leglerung  kaum  einen  Einfluss 
auf  die  chemische  Stabilitat  zu  haben.  Die  berechnete  Differenz  der  beiden  War- 
meflusskurven  bewegt  sich  zwischen  -8  und  +8  juW/g.  Mittels  qualitativer  Rdnt- 
gendiffraktlonsanalyse  konnte  nachgewiesen  werden,  dass  sich  Zirkonoxid  bildet, 
jedoch  wurde  kein  Nickeloxid  gefunden.  Der  Umsetzungsgrad  unter  Normalbe¬ 
dingungen  betragt  0.018  %  und  derjenige  unter  erhdhter  Feuchtigkeit  0.020  %. 

4.6  Zirkon  /  Kaliumperchlorat 

Unter  Normalbedingungen  tritt  zu  Beginn  der  Messung  eine  Starke  exotherme 
Warmetdnung  auf,  die  aber  rasch  abkiingt  und  gegen  den  Wert  Null  geht.  Bei  ei- 
ner  RH  von  60  %  registriert  man  einen  exothermen  Warmefluss,  der  wahrend  der 
Versuchszeit  von  30  juW/g  gegen  20  /uW/g  absinkt.  Mittels  Rdntgendiffraktion 
konnten  keine  Reaktionsprodukte  bestimmt  werden.  Unter  der  Annahme,  dass 
sich  Zirkonoxid  bildet,  ist  der  berechnete  Umsetzungsgrad  unter  Normalbedin¬ 
gungen  0.022  %,  derjenige  bei  einer  RH  von  60  %  betragt  0.051  %.  Ein  Einfluss 
der  Feuchtigkeit  auf  die  Reaktionsfreudigkeit  scheint  gegeben  zu  sein. 
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4.7  Zirkonhydrid  /  Kaliumperchlorat 

Bei  dieser  Mischung  scheint  sich  eine  erhohte  Feuchtigkeit  entgegen  aller  Erwar- 
tungen  positiv  auf  die  chemische  Stabilitat  auszuwirken.  Mit  Ausnahme  der 
Startwerte  liegt  die  Warmeflusskurve  unter  Normalbedingungen  stets  hdher  a!s 
diejenige  bei  60  %  RH.  Die  Rontgendiffraktionsanalyse  ergab  als  Reaktions- 
produkt  Zirkonoxid.  Fur  die  Messung  unter  Normalbedingungen  wird  ein  Umset- 
zungsgrad  von  0.018  %  berechnet,  wahrend  derjenige  bei  60  %  RH  nur  0.006% 
betragt.  Die  Bildung  von  Zirkonoxid  verlauft  im  Vergleich  unter  Normalbedingun¬ 
gen  bei  einer  RH  von  60  %  urn  den  Faktor  drei  langsamer.  Dieser  Effekt  ist  Ge- 
genstand  weiterer  Untersuchungen. 

4.8  Titan  /  Kaliumperchlorat 

Unter  Normalbedingungen  ist  diese  pyrotechnische  Mischung  chemisch  sehr 
stabil.  Daher  ist  es  nicht  verwunderlich,  dass  mittels  Rontgendiffraktion  keine  Re- 
aktionsprodukte  nachgewiesen  warden  konnten.  Unter  der  Annahme,  dass  sich 
Titanoxid  bildet,  betragt  der  Umsetzungsgrad  0.003  %.  Die  Warmeflusskurve 
unter  einer  RH  von  60  %  verlauft  im  endothermen  Bereich  zwischen  0  fxW/g  und 
-5  juW/g.  Auch  hier  lassen  sich  keine  Reaktionsprodukte  nachweisen.  Eine  Erkla- 
rung  fiir  dieses  Verhalten  konnte  (noch)  nicht  gefunden  warden.  Jedoch  scheint 
die  erhohte  Feuchtigkeit  auf  die  Reaktionsrate  nur  einen  geringen  Einfluss  zu  ha- 
ben. 

4.9  Zirkon-Nickel-Legierung  /  Kaliumperchlorat 

Unter  Normalbedingungen  scheint  diese  Mischung  chemisch  ziemlich  stabil  zu 
sein.  Der  gemessene  Warmefluss  liegt  zu  Beginn  der  Messung  bei  7.5  fMI/g  und 
sinkt  nach  30  Tagen  auf  2.5  fx\Nlg  ab.  Unter  der  Annahme,  dass  nur  Zirkon  an  der 
Reaktion  teilnimmt,  Ist  der  berechnete  Umsetzungsgrad  0.013  %.  Wird  die  glei- 
che  Messung  bei  60  %  RH  durchgefuhrt,  so  wird  ein  leicht  erhdhter  Warmefluss 
registrlert.  Wird  wiederum  angenommen,  dass  nur  Zirkon  an  der  Reaktion  teil¬ 
nimmt,  betragt  der  Umsetzungsgrad  0.020  %.  Der  Einfluss  der  Feuchtigkeit 
scheint  hier  eine  grdssere  Rolle  zu  spielen. 
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5.  Zusammenfassung  /  Folgerungen 

Die  Untersuchungen  haben  gezeigt,  dass  die  chemische  Stabilitat  der  Reduk- 
tionsmittel  Zirkon  und  Zirkonhydrid  stark  von  der  Luftfeuchtigkeit  abhangen.  Bei 
Titan  ist  diese  Abhangigkeit  schwacher  und  bei  der  Zirkon-Nickel-Legierung 
konnte  keine  Abhangigkeit  der  chemischen  Stabilitat  von  der  Feuchtigkeit  im  ge- 
messen  Bereich  festgestellt  werden.  Die  pyrotechnische  Mischung  Zirkon  /  Ka- 
liumperchlorat  weist  eine  Abhangigkeit  ihrer  chemischen  Stabilitat  von  der  Luft¬ 
feuchtigkeit  auf,  die  aber  im  Vergleich  zum  Zirkon  viel  schwacher  ist.  Im  Falle  der 
Mischung  von  Zirkonhydrid  und  Kaliumperchlorat  scheint  sich  die  Beimengung 
von  Oxidationsmittel  positiv  auf  die  chemische  Stabilitat  auszuwirken.  Auch  die 
Mischung  von  Titan  mit  Kaliumperchlorat  weist  eine  bessere  chemische  Stabilitat 
auf  als  diejenige  des  reinen  Reduktionsmittels.  Eher  negativ  wirkt  sich  die  Zu- 
nahme  der  Feuchtigkeit  auf  die  chemische  Stabilitat  bei  der  Mischung  von  Zirkon- 
Nickel-Legierung  mit  Kaliumperchlorat  aus. 

Grundsatzlich  darf  festgestellt  werden,  dass  sich  die  Beimengung  von  Kalium¬ 
perchlorat  auf  die  chemische  Stabilitat  der  untersuchten  Reduktionsmittel  eher 
positiv  auswirkt. 
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7.  Anhang 


7.3  Spezifikation  von  Zirkonhydrid-Pulver,  Typ  F 


Delivered  form 
Bulk  density 
Ignition  point 
Combustion  rate 
Particle  size 
Specific  surface  (BET) 
Oxidation  value 
Analysis 


7.4  Spezifikation  von 

Delivered  form 
Bulk  density 
Tab  density 
Melting  point 
Ignition  point 
Combustion  rate 
Particle  size 
Specific  surface  (BET) 
Oxidation  value 
Analysis 


Greyish-black  powder 
0.9  g/cm^ 

280  ±  20  "C 
320  +  40  sec/50  cm 

100  %  <  40  /xm;  acc.  to  Blaine  2.5  ±  0.5  fim 
1 .2  m2/g 

29.5  +  1  %  (weight  increase  by  combustion) 


Zr  +  Hf 

total 

95.5 

±  1 

% 

Hf 

approx. 

2 

% 

(natural  content) 

H 

1.6 

±  0.2 

% 

Si 

max. 

0.5 

% 

Mg 

max. 

0.2 

% 

Ti 

max. 

0.15 

% 

Al 

max. 

0.1 

% 

Fe 

max. 

0.1 

% 

Ca 

max. 

0.01 

% 

Zirkon-Nickel-Legierung  70:30,  Typ  A 

Fine,  greyish-black  powder 
1.8  g/cm3 
2.7  g/cm^ 

1140  "C 

260  ±  15*^0 

200  +  20  sec/50  cm 

100  %  <  40  /Lim;  acc.  to  Blaine  4  ±2  fim 

0.6  m2/g 

31+1  %  (weight  increase  by  combustion) 


Zr  (+Hf) 

total 

70 

+  3 

% 

Ni 

total 

30 

+  3 

% 

Zr  +  Ni  (+Hf) 

min. 

97 

% 

H 

total 

0.2 

±  0.05 

% 
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7.5  WSrmeflusskurven 


Stability  of  Zirconium 
Heat  Flow  Measurement  at  70  °C 


time  [dj 


Stability  of  Zirconium  Hydride 
Heat  Flow  Measurement  at  70 
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Stability  of  a  Mixture  of  Zirconium  and  Potassium  Perchlorate 
Heat  Flow  Measurement  at  70  *"0 


Stability  of  a  Mixture  of  Zirconium  Hydride  and  Potassium  Perchlorate 
Heat  Flow  Measurement  at  70  °C 
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Stability  of  a  Mixture  of  Titanium  and  Potassium  Perchlorate 
Heat  Flow  Measurement  at  70  °C 


heat  flow  I/jW/1000  mg] 


time  [d] 


Stability  of  a  Mixture  of  Zirconium-Nickel-Alloy  and  Potassium  Perchlorate 
Heat  Flow  Measurement  at  70 


heat  flow  [/jW/1 000  mg] 


46-1 


POLYVINYL  ALCOHOLS  AS  BINDERS  FOR  PYROTECHNIC 
COMPOSITIONS 


S  B  Langston 

School  of  Mechanical,  Materials  and  Civil  Engineering, 
Cranfield  University, 

Royal  Military  College  of  Science, 

Shrivenham,  Swindon,  SN6  8LA,  UK. 


ABSTRACT 


Poly  (vinyl  acetate,  vinyl  alcohols)  or  Vinyl  Alcohol  Acetate  Resins  (VAAR)  have  been  used 
successfully  as  binders  for  pyrotechnic  compositions  over  a  number  of  years.  These  polymers 
also  known  as  polyvinyl  alcohols  or  hydrolysed  polyvinyl  acetates,  depending  on  the  degree 
of  hydrolysis,  are  efficient  binders  and  are  effective  at  desensitising  pyrotechnic 
compositions.  New  compositions  based  on  Alcotex  poly  (vinyl  acetate,  vinyl  alcohol)  resins 
were  prepared.  The  challenge  of  recycling  materials  was  examined  and  the  problems  of 
disposing  of  waste  pyrotechnics,  addressed. 
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INTRODUCTION 

Traditional  binders  for  pyrotechnic  compositions  are  often  based  on  natural  or  semi-natural 
resins.  Although  serving  the  pyrotechnic  industry  well  for  many  years,  natural  resins  are  of 
complex  and  variable  composition  and  can  be  difficult  to  source.  On  coating  magnesium  or 
other  similarly  reactive  fuel  metals  with  natural  hardening  oils  spontaneous  ignition  may 
occur  during  curing.  The  viscous  nature  of  natural  resins  and  the  tendency  of  manufacturers 
to  coat  magnesium  manually  by  hand,  results  in  a  process  where  product  quality  can  be 
operator  dependent.  Any  coating  deficiency  can  lead  to  premature  aging  and  subsequent  poor 
performance  or  failure.  Synthetic  polymers  generally  do  not  suffer  from  these  disadvantages 
and  can  offer  other  benefits  over  natural  resins,  for  example;  improved  physical  and 
mechanical  properties,  tighter  specifications  and  reduced  material  and  manufacturing  costs. 

Polyvinyl  alcohols  are  soluble  in  either  lower  alcohols  or  water  depending  on  their  degree 
of  hydrolysis  and  average  molecular  weight.  These  are  solvents  of  choice  within  the 
pyrotechnic  industry.  Polyvinyl  alcohol  solutions  are  efficient  coating  agents  and  effective 
binders  once  dry.  The  polymer  film  strength  is  high  and  many  polyvinyl  alcohols  are 
remarkably  impervious  to  moisture. 

POLYVINYL  ALCOHOL  BINDERS 

A  number  of  water  soluble  polyvinyl  alcohols*’^  were  assessed  for  their  suitability  as  binders 
for  pyrotechnics.  The  polyvinyl  alcohols  (or  partially  hydrolysed  polyvinyl  acetate)  used  in 
this  investigation  were  Alcotex  20-009  and  Alcotex  47P,  supplied  by  Harlow  Chemical 
Company  Ltd.  Although  often  referred  to  as  polyvinyl  alcohols,  these  polymers  are  strictly 
vinyl  acetate,  vinyl  alcohol  co-polymers.  The  distribution  of  the  hydroxyl  groups  can  be 
either  random  or  blocky.  They  are  manufactured  by  the  alkaline  hydrolysis  (saponification) 
or  alcoholysis  (ester  interchange)  of  polyvinyl  acetate.  Alcotex  47P  is  a  47%  hydrolysed 
poly  (vinyl  acetate,  vinyl  alcoiiol)  supplied  as  a  solution  consisting  of  40%  solids,  49% 
methanol,  9%  methyl  acetate  and  2%  water.  Alcotex  20-009  is  a  20%  hydrolysed  poly(vinyl 
acetate,  vinyl  alcohol)  with  a  molecular  weight  of  approximately  50,000,  supplied  as  a 
solution  consisting  of  28%  solids,  49%  methanol,  9%  methyl  acetate  and  2%  water.  Many 
polyvinyl  alcohols  can  be  readily  plasticised  with  for  example:  polyethylene  glycols, 
polypropylene  glycols  or  glycerol.  On  plasticisation,  polyvinyl  alcohols  become  more  rubbery 
by  nature  and  can  hold  between  twice  and  three  times  their  own  weight  in  plasticiser.  Water 
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is  also  a  very  efficient  plasticiser  of  polyvinyl  alcohols  with  a  high  hydroxyl  content.  The 
ability  of  these  polyvinyl  alcohols  to  absorb  moisture  and  remain  dry,  could  be  useful  in 
removing  any  traces  of  water  present  in  a  sealed  system.  The  recovery  of  explosive  fillers 
for  example,  HMX,  from  pressable  polymer  bonded  explosives  (PBXs)  has  already  been 
demonstrated^’*^  and  the  recycling  of  such  explosives  described^  Polyvinyl  alcohols  exhibit 
a  number  of  properties  that  may  be  advantageous  to  their  use  as  binders  in  pyrotechnics  and 
PBX’s.  These  advantages  include  the  following; 

1.  Good  mechanical  properties  and  easily  plasticised. 

2.  Can  be  produced  in  either  cold  water  soluble  or  hot  water  soluble  forms. 

3.  Efficient  binder  -  effective  bonding,  weldable. 

4.  Resistant  to  most  solvents. 

5.  Non  toxic  and  physiological  inertness. 

6.  Readily  forms  films,  can  form  thermoplastic  mouldings. 

7.  Impermeable  to  most  gases,  can  be  moisture  resistant. 

8.  Wash  waters  are  biodegradable. 

9.  Very  stable  and  resistant  to  degradation  in  the  dry  state. 

The  wash  waters  containing  polyvinyl  alcohols  can  be  processed^  in  a  number  of  ways.  The 
polyvinyl  alcohol  solution  could  be  concentrated  by  precipitation,  evaporation  or 
ultrafiltration.  Polyvinyl  alcohols  will  precipitate  very  efficiently  from  solution  with  iron  or 
aluminium  salts  or  as  a  calcium/boric  acid  complex  (Hoechst  process).  The  recovered 
material  can  then  be  incinerated  or  recycled.  With  ultrafiltration  the  polyvinyl  alcohol  is 
removed  from  the  wash  water  by  filtration  under  pressure  through  modular  polymer 
membranes.  The  polyvinyl  alcohol  can  then  be  recovered.  As  aqueous  solutions  of  polyvinyl 
alcohols  are  readily  biodegraded  by  adapted  micro-organisms  any  polyvinyl  alcohol  remaining 
in  the  wash  water  can  finally  be  treated  by  biological  purification. 

POLYVINYL  ALCOHOL  BASED  COMPOSITIONS 

Polyvinyl  alcohols  as  binders  for  pyrotechnic  compositions  have  been  used  extensively  in  the 
United  States  since  the  1960’s.  The  poly(vinyl  acetate,  vinyl  alcohol),  or  VAAR^  described 
is  a  co-polymer  consisting  of  1 8  %  vinyl  alcohol  and  82  %  vinyl  acetate,  dissolved  in  technical 
grade  methyl  acetate.  A  UK  specification"^  exists,  although  this  describes  a  fully  hydrolysed 
polyvinyl  alcohol  used  to  coat  electric  fuseheads  and  as  an  inhibitor  for  propellant  strands 
used  in  the  Crawford  Bomb  Test.  VAAR  has  been  successfully  incorporated  as  a  binder  in 


a  wide  range  of  pyrotechnic  composition According  to  Taylor  and  Jackson®,  VAAR  was 
no  longer  commercially  available  in  the  US  (from  1986)  and  attempts  were  made  by  the  users 
to  manufacture  something  similar.  They  considered  VAAR  to  be  one  of  the  most  important 
binders  used  by  the  US  Army.  Fortunately  Alcotex  20-009  is  a  good  replacement  for  VAAR 
and  was  one  of  the  binders  described  here  in  the  manufacture  of  illuminating  flare 
compositions  (see  experimental). 


Crane  et  al^  and  Manno^°  describe  the  use  of  VAAR  as  a  binder  for  pyrotechnic  smoke 
compositions  based  on  potassium  chlorate,  sugar  and  organic  dyes.  Martin  and  Danner" 
describe  in  their  patent  a  combination  of  polyvinyl  alcohol  and  gelling  agent  as  a  binder  in 
match  formulations.  This  is  a  replacement  for  traditional  animal  glue  based  binders.  VAAR 
has  been  shown  to  be  a  suitable  binder  for  First  Fire  compositions.  VAAR  was  found  to 
be  an  effective  binder  and  produced  a  composition  that  was  significantly  less  sensitive  to 
accidental  ignition  by  impact,  friction  and  electrostatic  discharge.  A  reduction  in  production 
costs  was  realised.  The  use  of  VAAR  as  a  binder  for  tracer  compositions  has  been 
demonstrated These  compositions  were  found  to  be  particularly  successful  when  used  in 
tracer  cartridges  for  small  calibre,  high  velocity  small  arms  rounds.  Carrazza  and  Kaye" 
discussed  the  long  term  and  high  temperature  storage  stability  of  VAAR  based  coloured  flare 
compositions.  They  concluded  that  VAAR  was  a  suitable  binder  for  pyrotechnics  with  a  long 
storage  life.  The  MIGRAD  mixer  has  been  demonstrated"’*^  as  a  suitable  means  of 
manufacturing  sensitive  pyrotechnic  compositions.  VAAR  was  used  in  these  trials  for  first 
fires,  ignition  mixtures,  delay  and  tracer  compositions. 

DISPOSAL  OF  WASTE  PYROTECHNIC  MATERIALS  AND  ARTICLES 

There  are  two  main  sources  of  waste  pyrotechnics;  factory  waste  and  time  expired 
munitions/devices.  Traditionally,  methods  of  disposal  include  the  following: 

1.  Landfill 

2.  Open  pit  burning 

3.  Closed  pit  burning  (open  top  bunkers) 

4.  Sea  dumping 

5.  Reworking 

Factory  waste  was  traditionally  landfilled  on  site,  although  this  practice  has  effectively 
ceased,  mainly  as  a  consequence  of  no  more  land  being  available,  toxic  emissions  into 
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ground  water  and  the  occasional  disastrous  ignition  of  the  waste.  At  present  most  factory 
waste  is  destroyed  by  open  or  closed  pit  burning  (vented  bunker),  for  articles  that  could 
project  fragments  or  are  otherwise  too  dangerous  to  dispose  of  by  open  pit  burning.  Many 
time  expired  marine  pyrotechnics  are  disposed  of  by  their  owners  by  removing  protective 
seals  or  caps  and  dropping  overboard  at  sea.  Sea  dumping  of  munitions  has  been  subject  to 
a  European  ban  since  1993.  The  en  masse  disposal  of  pyrotechnics  could  also  be  affected  by 
this  ban,  but  in  any  case  the  disposal  of  individual  pyrotechnics  at  sea  is  undesirable.  The 
pyrotechnic  materials  may  be  toxic  and  if  articles  have  been  disposed  of  incorrectly,  they 
could  be  washed  ashore  posing  a  threat  in  particular  to  young  children.  Many  time  expired 
pyrotechnic  devices  failing  a  satisfactory  method  of  disposal  are  often  badly  stored  or 
unsafely  discarded  creating  a  hazard  to  the  general  public.  Schemes  for  returning  time 
expired  civilian  pyrotechnics  to  the  manufacturer  may  have  an  environmental  impact  if  there 
is  no  proper  and  safe  method  of  disposal  available.  Large  scale  disposal  of  unwanted  or  time 
expired  military  pyrotechnics  not  consumed  during  training  is  presently  impossible  for  most 
manufacturers,  who  lack  the  required  facilities.  Much  of  this  waste  is  disposed  of  by  the 
military  or  specialist  companies,  usually  by  open  pit  burning. 

Open  pit  burning  of  pyrotechnics  and  composite  rocket  propellants  can  place  a  considerable 
burden  on  the  local  environment,  the  toxic  emissions  are  often  much  greater  than  from  the 
similar  disposal  of  high  explosives  or  gun  propellants.  Stores  containing  phosphorus  emit 
clouds  of  phosphorus  pentoxide  /  phosphoric  acid  and  composite  propellants  containing 
perchlorates  will  yield  hydrochloric  acid.  Pollution  from  metal  oxide  particulates  and  toxic 
metals  such  as  barium  are  not  insignificant. 

RECYCLING  PYROTECHNICS 

Certain  pyrotechnics,  for  example,  flare  compositions  containing  polyvinyl  alcohol  binders, 
may  be  recyclable.  The  oxidising  agent  component,  if  water  soluble,  can  be  washed  out.  As 
some  polyvinyl  alcohols,  especially  if  fully  hydrolysed,  tend  to  retard  burning  rate,  oxalate 
moderators  may  be  omitted  from  the  formulation,  leaving  behind  various  grades  of  coated 
magnesium.  Polyvinyl  alcohols  thermally  degrade  to  carbon  dioxide  and  water  leaving  little 
or  no  ash  and  therefore  pure  magnesium  can  then  be  recovered  from  the  melt.  The  oxidising 

‘  agent  for  example,  sodium  or  potassium  nitrate  could  also  be  recovered  and  reused,  perhaps 

as  chemical  fertilizer.  Care  is  required  in  selecting  a  first  fire  that  will  not  cause  processing 

h 
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difficulties,  although  the  quantities  of  such  material  are  generally  very  small  compared  to  that 
of  the  main  pyrotechnic  component.  The  whole  life  cost  of  ownership  may  be  subsequently 
reduced,  coupled  with  an  environmentally  acceptable  and  profitable  method  of  disposal. 
Polyvinyl  alcohol  wash  waters  are  also  biodegradable.  Water  based  polyvinyl  alcohols  are 
probably  unsuitable  as  binders  for  pyrotechnics  where  reactive  metals  are  incorporated  into 
the  composition.  The  methanol  or  methyl  acetate  soluble,  partially  hydrolysed,  polyvinyl 
alcohols  are  probably  more  suitable,  whereas  water  soluble  binders  are  particularly  suitable 
for  use  with  pyrotechnics  containing  water  insoluble  fuels  and  oxidising  agents. 

EXPERIMENTAL 

The  following  illuminating  flare  compositions  containing  magnesium,  sodium  nitrate  and 
polyvinyl  alcohols  were  manufactured  (see  table  1).  The  magnesium  -  50  mesh  was  supplied 
by  Aldrich  Chemical  Company  Ltd.,  and  the  magnesium  -  325  mesh  was  supplied  Ventron- 
Alfa  Produkte,  Alcotex  20-009  contained  28%  solids  whereas  Alcotex  47P  contained  40% 
solids. 


Magnesium  -  50  mesh 


COMPOSITION  1 
%  by  wt. 


50 


COMPOSITION  2 
_  %  by  wt. 


50 


Magnesium  -  325  mesh 


Sodium  Nitrate 


Alcotex  47P* 


Alcotex  20-009* 


40 


40 


*Dry  weight  -  Polymers  are  supplied  dissolved  in  methanol/methyl  acetate 

Table  1:  Illuminating  Flare  Compositions  Containing  Polyvinyl  Alcohol  Binders 


The  following  procedure  was  used  in  the  manufacture  of  the  compositions.  The  sodium 
nitrate  was  ground,  dried  and  sieved  prior  to  use.  In  a  fume  cabinet  (hood)  Alcotex  binder 
solution  was  added  to  the  magnesium  in  a  plastic  beaker.  The  contents  were  well  stirred  with 
a  wooden  spatula.  The  mixture  was  placed  on  a  paper  sheet  and  was  well  rubbed  by  hand 
to  ensure  effective  coating  of  the  magnesium.  Care  was  taken  that  agglomerates  did  not  form 
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during  the  coating  procedure.  After  a  period  of  about  15  minutes  most  of  the  solvent  had 
evaporated  and  dry,  coated  magnesium  powder  was  produced.  The  coated  magnesium  was 
hand  blended  with  the  sodium  nitrate  and  passed  three  times  through  a  coarse  sieve.  The 
composition  was  pressed  as  25  g  pellets  at  3.4  tons  in’^  (0.54  tonnes  cm'^  /  50  MPa). 

The  pellets  were  successfully  ignited  using  a  small  quantity  of  silicon/red  lead  igniting 
composition  and  plastic  igniter  cord  to  produce  an  intense  yellowish  white  flame.  Burning 
rate  was  between  3  and  4  mm/s. 

The  dissolution  trial  was  carried  out  by  placing  a  pellet  of  each  composition  in  separate 
beakers  containing  250  cm^  cold  water.  Both  pellets  completely  broke  down  in  less  than  10 
minutes  -  unstirred  and  approximately  3-4  minutes  with  occasional  agitation. 

DISCUSSION 

Composition  2  was  found  to  bum  more  quickly  than  Composition  1 .  Composition  2  contained 
Alcotex  20-009  which  is  less  hydrolysed  than  Alcotex  47P  used  in  Composition  1.  This  result 
indicates  that  the  more  hydrolysed  the  polyvinyl  alcohol,  the  greater  the  retarding  effect  on 
the  bum  rate.  This  aspect  could  be  useful  when  formulating  compositions  to  bum  at  a 
specific  rate,  many  pyrotechnics  are  liable  to  bum  faster  than  desired.  Polymer  binders, 
especially  polyvinyl  alcohols,  tend  to  desensitise  pyrotechnic  compositions  towards  impact 
and  friction,  which  is  a  major  safety  consideration.  Granulation  with  a  binder  can  make  a 
powdery  pyrotechnic  composition  easier  to  handle  and  process. 

Compositions  containing  polyvinyl  alcohol  binders  can  be  readily  manufactured  using 
specially  adapted  mixers  under  remote  control.  The  MIGRAD  mixer‘^’^^  and  the  MATRIX 
mixers  supplied  by  T  K  Fielder  in  the  UK  are  particularly  suitable.  The  MATRIX  mixers 
have  been  used  for  many  years  within  the  UK  pyrotechnics  industry  for  the  manufacture  of 
coloured  and  screening  smokes,  often  with  the  incorporation  of  water  soluble  binders  to  assist 
in  granulation  and  binding  of  the  composition. 

As  little  as  2  %  by  weight  polyvinyl  alcohol  binder  is  sufficient  to  produce  compositions  of 
very  high  tensile  and  compressive  strengths.  A  composition  has  been  reported'^,  consisting 
of  HMX  /  polyvinyl  alcohol  95/5  with  a  high  compressive  strength.  This  composition  pressed 
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as  a  cylindrical  pellet  was  capable  of  withstanding  in  compression  a  stress  greater  than 
60MPa. 


CONCLUSIONS 

1.  Pol}winyl  alcohols  are  excellent  binders  for  pyrotechnic  compositions. 

2.  The  lower  hydrolysis  polyvinyl  alcohols  as  supplied  in  liquid  form  are  very  easy  to 
use. 

3.  Polyvinyl  alcohols  can  help  desensitise  pyrotechnic  compositions  from  accidental 
ignition. 

4.  Polyvinyl  alcohols  can  provide  both  oxygen  and  fuel  to  the  pyrotechnic  reaction. 

5.  Polyvinyl  alcohols  can  form  the  basis  of  recoverable  and  recyclable  compositions. 
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ABSTRACT 

The  results  of  investigation  are  proposed  of  the 
explosive  behavior  of  ammonium  tetraperoxoniobate  and 
tetraperoxotantalate,  (APONb  arjd  APOTa)  of  the  general 
formula  of  (NH4)3  MeO.s.  The  slow  thermal  decomposition 
reaction  of  both  compounds:  2  (NH4)3lvfe08  6  NH3  +  MegO?  + 
+  3  HgO  +4  O2,  was  performed  in  the  glass  test  tube  supplied 
by  the  thermocouple.  The  temperature  of  the  beginning  of  the 
quick  reaction  accompanied  by  the  essential  temperature  rise 
of  the  dry  sample  (1-1,5  g)  was  43  ±  2^  C  for  APONb,  and  74 
±  3^^  C  for  APOTa.  The  high  temperature  decomposition  had  a 
rather  violent  character  but  did  not  lead  to  self  ignition  of 
the  sample.  Moistened  samples  of  APONb  and  APOTa  decomposed 
slower  than  dry  ones.  Both  of  the  peroxocompounds  burned  at 
atmospheric  pressure  by  electric  ark  like  flame.  The  failure 
diameter  of  detonation  in  the  conical  paper  tube  of  APONb 
(po  =  0.7  g/cm^  )  was  3  jnm,  of  APOTa  (po  =  0.3  g/cmt^  )  -  1.5 
mim.  The  detonation  velocity  of  APOTa  at  the  charge  density 
of  0. 9-2.1  g/cm^  in  the  thick-walled  steel  tubes  of  d  =  10 
mm  D  =  0.43  +  2.07  p  ,  km/s. 


Introduction 

Ammonium  tetraperoxoniobat  and  tetraperoxotantalat 
(APONb  and  APOTa)  are  used  as  catalysts  of  some  reactions  in 
organic  chemistry,  as  sources  of  especially  pure  oxides  of 
tantalum  and  niobium  but  unfortunately  up  to  date  they  are 
not  investigated  as  energetic  materials  and  corresponingly 
as  the  potentially  dangerous  substances.  Some  of 
physicochemical  and  crystallographic  properties  of  them  are 
described  in  [11. 


APONb  and  APOTa  of  the  general  formula  of  (NH4):-lv1e08..  or 
structural  one: 


H4N-O-0  0 
H4N-O-O-  Me  ! 

H4N-0-0  '  '  0 

are  rather  unusual  but  perspective  pyrotechnic  components 
possesing  a  rather  big  but  till  now  still  indefinite 
quantity  of  potential  energy, 

It  is  well  known  [21,  that  enriching  of  substances  by 
peroxogroups  leads  to  increase  of  explosion  hazard,  so  in 
conformity  with  their  structural  formula  APONb  and  APOTa 
could  be  expected  to  be  an  explosives. 


Experimental  data 
Preparation. 

APONb  and  APOTa  were  produced  by  action  of  mixture  of 
aumonia  water  solution  with  hydrogen  peroxide  on  a  solution 
of  meral  oxide  in  hydroflouric  acid.  The  neat  products 
pi- ecipiLated  from  solution  as  a  fine  powoered  yellow 
crystalline  substances. 

The  chemical  composition  of  investigated  compounds 
corresponded  to  foregoing  formula.  The  experiment  elements 
percentage  differed  from  theoretical  one  not  more  tharj 
0.2-0. 4%. 


Slow  thermal  decomposition 


APONb  and  APOTa  decompose  in  accordance  with  equiation 

[11: 

2  (NH4)3Me08  =  6  NH3  140205  +  3  HgO  +  4  Og  (1) 

The  slow  thermal  decomposition  of  both  compounds  was 
perfomed  in  the  glass  air  thermostate  constructed  from  two 
rest  tubes  (diameter  of  inner  tube  was  13  mm,  air  clearance 


47-3 


was  2,5  mm).  The  wall  of  outside  test  tube  was  heated  by 
electrical  coil.  The  thermocouple  inserted  into  quarts 
capillary  was  placed  into  layer  of  sample  (m=l-1.5  s’).  The 
temperature  rise  velocity  by  external  heating  was  in  limits 
of  Vh  =  0.2-0. 5  K/s.  The  time- temperature  dependences  T(t) 
were  registered  in  every  run  by  automatic  recorder. 

The  T(t)  curves  of  dry  samples  of  APONb  and  APOTa  are 
showed  at  Fig. 1-2.  The  first  period  (from  t=0,  to  t=tr)  was 
linear  heating  of  the  samples  by  electrical  coil.  After 
reaching  T=Tr  a  linear  character  of  curves  broke  and  sharp 
growth  of  temperature  appeared.  Tr  -  the  temperature  of 
beginning  of  quick  reaction.  Quick  reaction  was  accompariied 
by  selfheating  and  essential  rise  of  temperature  of  the 
sample  from  Tr  to  maximal  temperature  -  Tj-n  (period  of  time 
from  tr  to  tm) . 

Curves  T(t)  for  APONb  and  APONTa  are  similar  each  other, 
they  are  compared  on  the  Fig.  2.  The  high  temperature 
decomposition  had  a  rather  violent  chai'acter  but  did  not 
lead  to  self ignition  of  the  sample  obviously  due  to  the  high 
ignition  temperature  of  NH3-02-H20(vap)  mixture  obtained  as 
a  main  gaseous  productucts  of  the  decomposition.  The  smell 
of  ammonia  was  felt  during  decomposition. 

If  gas  above  test  tube  was  ignited  by  a  source  of  flame 
laminar  front  burning  propagated  in  gas  to  bottom  of  test 
tube  and  then  burning  damped.  This  procedure  could  be 
repeated  two- three  times  during  decomposition. 

The  results  of  runs  are  collected  in  Table  1.  The 
temperature  of  beginning  of  the  quick  exothermic  reaction  of 
APONb  (Tr)  was  43±  2^C.  The  maximum  temperature  of  sample 
Tm=150^C.  The  temperature  of  beginnining  of  the  quick 
reaction  of  APOTa  was  much  more  Tr=Tl“T8'^C.  The  maximal 
temperature  of  APOTa  was  much  more  too, 

Moistenining  (15-28%  of  water)  of  APONb  and  APOTa 
changed  the  character  of  decomposition  curves  T(t)  in 
comparision  with  dry  samples  (Fig. 3).  The  region  of  very 
slow  temperature  rise  was  appeared  on  the  curves  (to-tp) • 
The  acceleration  of  temperature  rise  bega'i  after  this 


period.  AiiUTionnla  was  produced  during  the  period  of  slow 
temperature  rise  arid  apparently  the  hydrolysis  of  APONb  arid 
APOTa  proceeded. 

The  results  of  investigation  of  moistened  samples  are 
collected  in  Table  2.  The  temperature  of  beginning  of 
hydrolysis  of  APONb  was  To=  75*^0  and  of  APOTa  To= 

The  temperature  of  beginning  of  the  quick  exothermic 
decomposition  was  the  same  for  both  moistened  substances  - 
Tr=92-96'^C.  Maximal  temperature  of  APOTa  (Tni=198-228'^C)  was 
higher  thari  of  APONb  (Tm=165-182‘^C) . 

The  enthalpies  of  formation  of  APONb  and  APOTa  have  not 
been  fourid  in  literature.  Using  the  nearly  adiabatic 
calorimeter  we  determinated  the  approximate  heat  of 
decomposition  of  APONb  (Cir=  48  KJ/mol).  It  permited  to 
estimate  the  enthalpy  of  formation  of  APONb  in  accordance 
with  eqution  (1):  A  Hf=  -1.4  +  0.2  MJ/mol. 

Burning  arjd  detonation  of  peroxocompounds 

The  burning  rate  is  one  of  the  main  characteristics 
which  defines  an  explosion  hasard  of  energetic  material. 

Both  of  dry  powdered  peroxocompounds  were  ignited  easily 
from  source  of  flame  and  burned  at  atmospheric  pressure  by 
electric  ark  like  flame.  The  rest  af'ter  burning  was  the 
almost  pure  powdered  metal  oxide.  Burning  rate  of  APOTa  of 
density  p=0.12  g/cm'-'^  at  atmospheric  pressure  was  measured  in 
the  quarts  tube  (d=8  mm)  :  Ui  =  0.09  cm/s.  In  charge  of 
p=0.75  g/cm^  the  burning  damped  quickly  after  ignition.^ 

Ability  to  detonation  of  APOTa  and  APONb  was 
characterized  by  the  size  of  failure  diameter  (df) . 
Detonation  velocity  (D)  was  an  additional  characteristic. 

df  was  defined  in  cone  shape  (angle  at  the  top  o(=1.6‘^) 
paper  tube.  The  charge  was  fixed  at  aluminium  plate-witness. 
Detonation  was  initiated  by  standard  detonating  cap  from  the 
side  of  large  size  diameter.  The  place  of  interruption  of 
the  detonation  dent  on  plate-witness  defined  the  value  of 
failure  diameter. 

Detonation  velocity  was  measured  in  steel  tubes  (d=10 
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mm,  thickness  of  wall  -  13  mm).  The  radial  holes  (d=2  mm) 
were  drilled  in  wall  of  tube  with  step  of  £5  mm  to  have  an 
opportunity  to  receive  the  streak-camera  records  by  the 
Russian  analog  of  streak- camera  -  VFU-2. 

The  failure  diameter  of  APONb  (p=0.7  g/cm^'O  was  df=3  irm, 
of  APOTa  (p=  0.3  g/cm^)  -  df=1.5  mm. 

Detonation  velocity  of  APONb  (p=0.93  g/cm^)  was  D=2.06 
km/s.  The  dependence  D(p)  of  APOTa  in  region  0.9<p<2.1  g/cm^ 
was  measured: 

D  =  0.43  +  2.07  p,  km/"s 
(six  runs,  coefficient  of  correlation  R=0.995,) 

The  pressed  pellets  (d=h=12  mm)  of  retarded  by  parafTin 
(5%)  APOTa  (  p=2.1±0.02  g/cm^)  were  received  at  pressure  of 
pressing  of  0.165  GPa.  The  charge  gathered  from  nine  pressed 
pellets  (common  length  -  100  mm)  was  tested  without  any 
confinement  arid  had  detonation  velocity  D=4.68  km/s.  The 
attempt  of  pressing  APOTa  without  retai^der  led  to  explosion 
of  pellet  at  ejection  from  press  filter. 

Some  runs  were  carried  out  with  mixtures  of 
peroxocompounds  with  inert  diluents.  One  of  them  bromoform 
had  density  (2.82  g/cm^)  almost  equal  to  density  of 
crystalline  APOTa  (2.87-2.91  g/cm^).  Detonation  velocity  of 
mixture  50/50  APOTa  and  bromoform  was  measured.  This  mixture 
of  density  (2.72,  2.83,  arid  2,87  g/cm^)  detonated  in  three 
runs  in  glass  tubes  (d=14  irmi)  with  velocity  4.36,  4.57,  and 
4.65  Km/s  accordingly.  The  second  diluent  -  water  was 
interesting  as  technological  addition  at  production  of 
peroxocompounds.  Detonation  of  moistened  samples  of  APOTa 
(15Z  of  water)  of  density  1.87  g/cm^  in  steel  tube  (d=10  mm, 
thickness  of  wall  13  mm)  was  stable.  The  mixture  of  APONb 
with  higher  percentage  of  water  (30^)  did  not  detonate  in 
these  conditions. 

It  is  necessarily  to  note  that  mixtures  of  APOTa  with 
bromoform  (50^)  and  water  (15%)  did  not  burn  at  atmospheric 
pressure . 

The  impact  sensitivity  of  APOTa  and  APONb  was 
investigated  on  impact  machine  (Russian  model  K44-II)  in 
stemp  tool  N1  (mass  of  sample  0.05  g,  rolleres  of  10  mm 


ulanieter  with  facets).  The  sensitivity  was  characterised  by 
frequency  of  explosion  at  the  falling  weight  m=10  kg  at  the 
high  of  weight  fall  down  H=50  cm  in  twenty  five  runs.  The 
frequency  of  explosion  of  APONb  was  20%  and  of  APOTa  was 
70%.  The  explosion  of  APONb  and  APOTa  was  accompariied  with 
the  sane  sound  of  shot  arid  flare  as  in  the  case  of  usual 
high  explosives.  Impacts  on  dry  peroxocompounds  at  steel 
plate  by  hammer  initiated  no  failure  explosions. 

Effect  reminding  explosion  (a  snap)  took  place  sometimes 
at  Investigation  of  impact  sensitivity  of  moistened 
peroxocompounds,  nevertheless  a  flame  have  never  been 
observed  in  this  case. 


Conclusion . 

APONb  and  APOTa  are  able  to  self heating  and 
self propagating  decomposition  but  self ignition  was  not 
observed  though  the  maximal  temperature  of  self heating 
reached  in  some  ruTiS  to  250°C.  It  must  be  noted  that  ammonia 
and  oxigen  are  formated  at  decomposition  and  their  volume 
ratio  is  closed  (3:2)  to  explosive  limits  of  O2-NH3  mixture 
(15“u7?c-  of  aTimonia). 

Investigated  peroxocompounds  ar-e  able  to  detonation  and 
their  failure  diameter  is  smaller  at  low  density  than  of 
some  nitrocompounds  and  ammonites. 

Burning  rate  of  APOs  is  closed  to  one  of  such  high 
explosives  as  RDX  arid  dlnitrate  ethylen  glycol. 

Moistening  (15-30%  of  water)  of  APONb  and  APOTa 
increases  greatly  the  delay  time  of  exothermic 
decomposition,  makes  difficult  ignition,  decreases  impact 
sensitivity.  However  small  quantity  (15%)  of  water  and 
significant  quantity  (50%)  of  bromophorm  does  not  prevent 
detonation  of  peroxocompounds.  The  possibility  of  drying  and 
corresponding  rise  of  explosion  hazard  must  take  into 
account  at  treatment  of  these  products. 

It  can  be  concluded  that  both  of  the  ammonium 
peroxocompounds  investigated  are  rather  dangerous 
explosives  and  treatment  of  them  in  practice  has  to  be 


perforined  with  necessary  carefulness. 
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ABSTRACT 

A  study  was  carried  out  of  pyrotechnic  compositions 
based  on  zirconium  metal  as  fuel  and  chromates  of  Group  IIA 
elements  viz.  Mg,  Ca ,  Sr  and  Ba  as  oxidizers.  Burning 
rates  of  mixtures  containing  10  to  90%  zirconium  as  fuel 
were  determined,  in  steps  of  10%  by  the  lead  tube  method. 
Generally,  the  compositions  containing  30-70%  zirconium 
were  ignitable  and  burnt  uniformly.  The  compositions 
containing  50%  Zr  showed  a  decrease  in  burning  rate  from 
4.88  cm/s  to  2.16  cm/s  when  passing  from  magnesium  chromate 
to  barium  chromate.  This  could  be  related  to  ionic 
character  and  ionisation  potential  of  the  elements. 

DTA  thermograms  in  air  showed  main  exothermic  peaks 
at  426  °C  for  Zr-MgCrO^  while  zirconium  with  other 
chromates  showed  peak  at  about  326  °C.  Another  prominent 
peak  at  600  +  20  °C  was  observed  for  air  oxidation  of 
excess  zirconium  in  all  cases.  All  the  peaks  were  very 
broad  which  indicated  that  the  combustion  reaction  between 
zirconium  and  metal  chromates  was  quite  slow.  A  general 
equation  for 

the  reactions  can  be  written  as; 

3  Zr  +  4  MCrO^  - >  3  ZrO^  +  4  MO  +  2  Cr^O^ 

Where  M  =  Mg ,  Ca ,  Sr,  Ba . 


♦Correspondence  author. 


The  slag  obtained  from  combustion  was  analysed  by  X- 
ray  diffraction  and  IR  spectra.  It  was  observed  that  ZrO^ 
was  formed  alongwith  metal  oxide  and  Cr^O^ .  Presence  of 
metal  zirconates  was  also  detected.  Similarly,  analysis  by 
IR  spectra  indicated  the  formation  of  ZrO^ ,  Cr^O^,  ^^^3 
etc. 

The  composition  containing  MgCrO^  exhibited  impact 
sensitivity  in  a  fall  hammer  apparatus,  but  the  height  of 
50%  explosion  was  above  100  cm.  Other  composition  were 
insensitive  upto  175  cm  height  for  2  Kg  drop  weight.  The 
compositions  studied  were  also  found  insensitive  to 
friction  upto  36  Kg  load.  It  is  concluded  that  these 
compositions  are  safe  to  handle  and  may  find  practical 
applications  in  medium  to  fast  pyrotechnic  delays. 


1.  INTRODUCTION 

Zirconium  powder  has  been  used  as  a  fuel  alongwith 
various  oxidizers  and  studies  have  been  reported  for  the 
systems  Zr/Pb02  (1,2),  Zr/KClO^  (3)  and  Zr/BaCrO^  (4).  In 
the  present  work  oxidation  of  zirconium  by  chromates  of 
alkaline  earth  metals  namely  Mg,  Ca ,  Sr  and  Ba  has  been 
studied  employing  differential  thermal  analysis, 
thermogravimetry,  infrared  spectroscopy  and  x  ray 
diffraction  spectroscopy.  Their  burning  rates  and  their 
sensitivity  to  impact  and  friction  have  also  been  studied. 

2.  EXPERIMENTAL 

2.1  Materials 

Zr  metal  powder  used  in  the  present  study  had  an 
average  particle  size  of  4.4  micron  and  its  purity  was 
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99.5%.  Alkaline  earth  chromates  were  of  99%  purity. 

2.2  Methods 

The  compositions  were  granulated  by  using  2% 
nitrocellulose  binder.  DTA/TG  was  carried  out  on  a  Netzsch 
STA  409  thermal  analyser  in  air.  Infrared  spectra  of  slags 
were  done  on  a  Perkin-Elmer  IR  spectrophotometer  model  683 
in  KBr  matrix,  and  x-ray  diffraction  patterns  of  the  same 
were  recorded  on  an  x-ray  diffractometer  of  the  type 
1730/90  PHILLIPS  (Holland)  using  Cu-K  radiations  at  room 
temperature.  Friction  sensitivity  tests  were  carried  out 
on  Julius  Peters  apparatus. 


3.  RESULTS  AND  DISCUSSIONS 
3 . 1  Burning  Rate 

The  burning  rates  of  various  Zr/Chromate  mixtures 
determined  by  the  lead  tube  method  are  presented  in  Table 
I.  All  the  mixtures  having  10%  Zr  were  not  ignitable  in 
the  lead  tube.  In  addition  Zr/CaCrO^  containing  20%  and 
80%  Zr  and  Zr/BaCrO^  containing  20%  Zr  did  not  ignite. 


While  Zr/MgCrO^  burnt 

with  a  bright 

f 1 ame , 

the  mixtures  of 

Zr  and  chromates  of 

Ca ,  Sr,  Ba 

gave 

smooth  gasless 

combust  ion . 

In  all  cases 

the  burning 

rate 

increases  with 

increasing  percentage  of  zirconium,  reaches  a  maximum  value 
and  decreases  again.  High  burning  rate  of  5.714  cm/s  in 
case  of  40:60  Zr/SrCrO^,  leading  to  a  nearly  flat  burning 
rate  region  could  not  be  explained.  It  was  also 
interesting  to  note  that  the  burning  rate  for  50:50 
mixtures  increased  in  the  order  Ba  Sr  Ca  Mg  whereas  the 
ionic  radii  of  these  elements  decreased  in  that  order.  The 
trend  is  observable  for  all  mixtures  in  the  range  30:70  to 
70:30  except  for  strontium  which  behaves  differently. 

In  general  the  compositions  burn  fast  and  may  be 
applicable  to  fast  or  medium-fast  pyrotechnic  delays. 


3.2 


Thermal  Analysis 


In  a  pyrotechnic  delay  system  the  onset  of  ignition 
is  governed  by  the  ignition  temperature  which  in  turn  is 
governed  by  the  composition  itself  (i.e.  f uel-oxidiser 
ratio).  The  oxidiser  content  also  governs  the  kinetics  of 
the  reaction,  the  total  heat  produced  in  the  reaction  and 
the  mechanism  of  the  reaction. 

Another  common  observation  is  that  though  the 
majority  of  oxides  and  other  oxidants  have  high 
decomposition  temperatures,  the  reaction  with  a  reactive, 
metal  starts  at  a  much  lower  temperature.  Zirconium  on 
oxidation  always  yields  the  oxide  Zr02 ,  the  oxidation 
reaction  being  highly  exothermic.  The  chromates  of  the 
alkaline  earth  metals  decompose  at  very  high  temperatures. 
It  is  expected  that  on  heating  zirconium  with  the  chromates 
the  onset  of  the  reaction  will  take  place  at  much  lower 
temperature  and  the  same  has  been  observed  in  the  present 
study . 

3.2.1  Zirconium  :  Magnesium  Chromate  System 

DTA/TG  data  of  this  system  is  presented  in  Table  II. 
There  are  three  endotherms  and  two  exotherms.  The  three 
endotherms  appear  in  the  temperature  range  of  67-135°C, 
167-243°C  and  238-337°C.  All  these  endotherms  are  due  to 
stepwise  removal  of  four  molecules  of  water  of 
crystallisation  of  MgCrO^  which  is  confirmed  by  TG  data 
which  shows  weight  loss  in  three  steps.  The  first  exotherm 
which  is  due  to  the  main  reaction  of  zirconium  and 
magnesium  chromate  starts  at  around  411°C  and  ends  at  467°C 
with  peak  at  426°C.  Only  in  the  case  of  70:30  the  peak  has 
shifted  to  442°C.  The  exotherm  due  to  air  oxidation  of 
excess  zirconium  begins  at  around  490°C  and  ends  at  694°C 
with  the  peak  at  563°C  with  2.5%  weight  gain  for  30%  Zr, 
8.0%  weight  gain  for  50%  Zr  and  18.5%  weight  gain  for  70% 


Zr . 


48-5 


3.2.2  Zirconium  :  Calcium  Chromate  System 

The  DTA  data  (Table  III)  of  the  system  shows  three 
exotherms.  The  first  exotherm  starts  at  148°C  and  ends  at 
260°C  with  a  peak  at  203°C  which  is  attributed  to  the 
decomposition  of  the  binder  i.e.  nitrocellulose  whose 
decomposition  is  reported  at  162-170°C.  The  small  weight 
loss  accompanying  this  exotherm  is  likely  to  be  due  to  loss 
of  half  a  molecule  of  water  of  crystallisation.  The  second 
exotherm  appears  between  260°C  to  391°C  with  peak  at  315°C; 
this  exotherm  is  the  result  of  the  main  reaction  between 
zirconium  and  calcium  chromate.  It  appears  that  the 
reaction  is  by  diffusion  process  without  the  liberation  of 
any  gases.  The  third  exotherm  between  319-680OC  with  the 
peak  at  588°C  is  attributed  to  the  air  oxidation  of 
zirconium  which  is  supported  by  TG  data  which  shows  a 
weight  gain  of  9.5%  for  30%  zirconium  showing  that  oxygen 
is  taken  up  from  the  atmosphere  for  the  oxidation  process. 
TG  also  shows  an  increase  in  weight  during  oxidation  as  the 
%  of  Zr  is  increased. 

3.2.3  Zirconium  :  Strontium  Chromate  System 

The  DTA  curves  of  all  the  mixtures  of  this  system 
show  three  exotherms  and  gain  in  weight  is  shown  by  TG 

alongwith  the  third  exotherm.  The  first  exotherm  appears 
in  the  range  of  175-230°C  with  peak  at  200°C  which  is  due 

to  nitrocellulose  binder.  The  second  exotherm  is  due  to 

the  main  reaction  between  zirconium  and  strontium  chromate 
and  is  in  the  range  of  250-416°C  with  peak  at  315oC  and  the 
third  exotherm  due  to  oxidation  of  excess  zirconium  is  in 
the  range  of  412-650°C  with  peak  at  568°C,also  confirmed  by 
gain  in  weight  by  TG,  thus  showing  that  excess  unreacted 
zirconium  is  available  for  air  oxidation.  Data  is 
presented  in  Table  IV. 

3.2.4  Zirconium  :  Barium  Chromate  System 

This  system  also  showed  three  exotherms  the  first 


one  in  the  range  160-260°C  and  peak  at  215°C,  second  one 
from  270-400°C  with  peak  at  321°C  and  the  third  from  400- 
780°C  with  peak  at  600°C  (Table  V). 

It  is  thus  seen  that  peak  temperatures  were 

increasing  from  top  to  bottom  in  the  II-A  group  chromates. 
Hence,  the  reactivity  of  the  chromates  with  zirconium 
decreases  in  this  order. 

3.3  X-ray  Diffraction  of  Combustion  Residues 

The  combustion  residues  were  analysed  by  x-ray 
diffraction.  X-ray  diffraction  patterns  of  Zr-MgCrO^  and 
Zr-CaCrO^  are  shown  in  Fig  1  &  2  respectively.  It  is 
observed  that  zirconium  dioxide  is  formed  along  with 

zirconate  (5).  It  also  shows  the  formation  of  MgO  (3.06, 
2.97  ,  2.09  A°),  Cr^O^  (  2.66  ,  2.46  ,  2.09  ,  1.57  A°),  ZrO^ 

(  2.97  ,  2.65  ,  1  .86  A° ) ,  and  CaO  (  2.40  ,  2.34,  1.71  ,  1  .63  A^ )  , 
Cr^O^  (3.62,  2.67,  2.48,  1.80  A° ) ,  ZrO^  (3.17,  3.00,  2.86, 

1.99  ,  1.85  A°)  and  CaZrO^  (  4.01  ,  3.96,  2.89,  2.82  ,  1.63 

A° ) .  These  values  are  comparable  with  ASTM  cards  (6). 

3.4  IR  Spectra  of  Combustion  Residues 

IR  spectra  of  the  slags  shows  the  formation  of  Zr02 

(490,  430,  428,  375  cm"^),  Cr^O^  (628,  550  cm”^),  MgZrO^ 

(  310  ,  320  cm  ^  )  .  In  the  system  Zr-CaCrO.  it  showed  the 

- 1  ^ 

formation  of  ZrO„  (486  ,  430  ,  375  cm  ),  Cr-O^  (  628  ,  552 

cm  )  &  CaZrO^  (  71  5  ,  51  0  ,  325  cm  ).  Similarly  in  the 

systems  Zr-SrCrO^  and  Zr-BaCrO^  the  slags  show  the 

formation  of  oxides  and  zirconates  (7).  Absorption  peak 
values  are  compared  with  IR  spectra  given  in  the  literature 
(8). 

3.5  Reaction  Mechanism 

The  basic  mechanism  of  the  reaction  of  all  these 
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3Zr  +  4  MCrO^ - ^ 

Where  M  =  Alkaline  earth  metal. 

The  combustion  products  of  the  above  reaction  have 
been  confirmed  by  IR  spectra.  The  presence  of  zirconate 
was  also  detected  with  all  the  four  cases,  thus  showing 
that  the  following  additional  reaction  may  be  taking  place. 

ZrO^  +  MO  - >  MZrO^ 

Where  M  =  Alkaline  earth  metal. 

3.6  Sensitivity  of  the  Compositions  to  Impact  and 
Friction 

Out  of  all  the  compositions  studied  it  was  found 
that  only  Zr/MgCrO^  mixtures  were  sensitive  to  impact.  All 
the  compositions  were  found  to  be  insensitive  to  friction 
upto  36  kg  pistil  load  on  a  Julius  Peters  apparatus  thus 
showing  that  they  are  safe  to  handle  from  the  point  of  view 
of  friction  sensitivity. 


4.  CONCLUSION 

DTA  data  of  z ir conium/ a Ika 1 i ne  earth  chromates  shows 
that  exothermic  reactions  between  Zr  and  the  chromates  in 
most  of  the  cases  are  within  the  temperature  range  250- 
450°C.  Study  of  combustion  residues  has  indicated 
formation  of  Zr02 ,  alkaline  earth  oxides  and  zirconates. 

Burning  rate  studies  indicate  very  fast  burning 
rates  in  all  cases.  The  fastest  burning  rate  is  8.26  cm/s 
in  the  case  of  ZrrSrCrO^  system  at  70:30  ratio  and  the 
slowest  burning  rate  is  0.374  cm/s  in  the  case  of  Zr:MgCrO^ 


system  at  20:80  ratio.  All  these  burning  rate  values  are 
quite  high  and  indicate  the  possibility  of  applications  of 
the  systems  to  fast  or  medium  fast  pyrotechnic  delays. 
Burning  rate  data  also  broadly  indicate  that  there  could 
possibly  be  some  correlation  between  ionic  radii  of  the 
elements  Mg,  Ca ,  Sr,  Ba  and  burning  rates  of  their 
chromates  with  Zirconium. 
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TABLE  I 

COMPARISON  OF  BURNING  RATES  OF  Z IRCONIUM/ ALKALINE  EARTH 
CHROMATES 


Zr/ 

Chromate 

ratio 

BURN 

RATE,  cm/s 

Magnesium 

Chromate 

Calcium 

Chromate 

Strontium 

Chromate 

Barium 

Chromate 

20  :  80 

0.374 

* 

0.586 

♦ 

30:70 

2.105 

0.775 

1.739 

1.039 

40:60 

3.636 

2.146 

5.714 

1.482 

50:50 

4.878 

4.550 

4.219 

2.164 

60:40 

5.495 

5.182 

5.555 

3.077 

70:30 

6.173 

4.762 

8.264 

4.348 

80:20 

5.525 

4.000 

7.299 

4.762 

90:10 

4.717 

* 

1.695 

2.353 

4 


TABLE  II 

TEHRMOANALYTICAL  DATA  OF  ZIRCONIUM/ MAGNESIUM  CHROMATE  IN 
AIR 


Composi  Differential  Thermogravimet ri c 

tion  Thermal  Analysis  Analysis 

ratio 


(W/W) 
Zr  : 

MgCrO^ 

Endotherm  Exotherm 

.4H2O  Temp  Peak  Temp  Peak 

Range  Temp  Range  Temp 

OC  OQ  OQ  OQ 

TG 

Steps 

Temp 

Range 

°C 

% 

Loss 
i  n 
wt 

% 

Gain 
i  n 
wt 

30:70 

67-122 

102  - 

_ 

1st 

67-116 

16 

173-238 

203  - 

- 

2nd 

161-321 

9 

- 

238-326 

300  - 

- 

3rd 

348-385 

1 

- 

- 

-  411-462 

426 

- 

- 

- 

- 

- 

-  523-612 

573 

4th 

478-588 

'  - 

2.5 

50:50 

67-135 

102  - 

- 

1st 

67-109 

11.5 

. 

167-243 

201  - 

- 

2nd 

142-209 

3.5 

- 

243-337 

294  - 

- 

3rd 

243-411 

6 

- 

- 

-  411-467 

426 

- 

- 

- 

- 

- 

-  493-694 

563 

4th 

467-755 

- 

8 

70:30 

71-109 

89  - 

- 

1st 

74-96 

6  . 5 

. 

167-220 

197  - 

- 

2nd 

167-209 

2.5 

- 

249-305 

288  - 

- 

3rd 

271-294 

1.0 

- 

- 

-  400-498 

442 

- 

- 

- 

- 

- 

-  498-694 

563 

4th 

342-741 

-  18.5 

48 


TABLE  III 

THERMOANALYTICAL  DATA  OF  ZIRCONIUM /CALCIUM  CHROMATE  IN  AIR 


Composition 
ratio  (W/W) 
Zr :CaCrO  . 
0.5  H^O 

Dif  f erent ial 
Thermal  Analysis 

Thermogravimetric  Analysis 

Exotherm 

Temp  Peak 
Range  Temp 
oc  °C 

TG 

Steps 

Temp 

Range 

°C 

%  % 

Loss  Gain 
in  in 

Wt  Wt 

30:70 

148-260 

203 

1st 

148-277 

4.5 

- 

260-391 

315 

2nd 

353-713 

- 

9.5 

391-680 

588 

- 

- 

- 

- 

50:50 

167-260 

200 

1st 

191-283 

2.93  - 

260-411 

326 

2nd 

348-732 

- 

16.09 

411-680 

588 

- 

- 

- 

- 

70:30 

179-271 

209 

1st 

185-266 

1.5 

- 

271-462 

342 

2nd 

332-713 

- 

23.25 

462-713 

593 

- 

- 

- 

- 

TABLE  IV 

THERMOANALYTICAL  DATA  OF  ZIRCONIUM/ STRONTIUM  CHROMATE  IN 
AIR 

Composition 
ratio  (W/W) 

Z  r : SrCrO . 

Di f  f erent ial 
Thermal  Analysis 

Thermogravimetric 

Analysis 

ft 

Exotherm 

TG 

Temp 

% 

Temp 

Range 

°C 

Peak 

Temp 

°C 

Steps 

Range 

°C 

Gain 
in  Wt 

30:70 

185-232 

200 

- 

- 

- 

249-416 

315 

- 

- 

- 

416-651 

568 

1st 

416-700 

9.0 

50:50 

173-220 

197 

- 

- 

- 

220-315 

277 

- 

- 

- 

422-637 

533 

1st 

406-685 

- 

70:30 

179-226 

200 

- 

- 

- 

249-416 

326 

- 

- 

- 

421-666 

578 

1st 

348-670 

21.0 

2  0 


FIG  !  -  X-RAY  DIFFRACTION  PATTERNS  OF  SLAGS  OF  ZIRCONIUM-  , 
MAGNESIUM  CHROMATE  SYSTEM. 


FIG,  2  -  X-RAY  DIFFRACTION  PATTERNS  OF  SLAGS  OF  ZIRCONIUM-CALCIUM 
CHROMATE  SYSTEM. 
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Summary 

A  liner  composition  was  developed  for  an  aluminized  HTPB/AP  composite 
propellant  using  HTPB  (R45-M)  as  binder,  isophoron  diisocyanate  (IPDI)  as  curing 
agent,  dioctyl  adipate  (DOA)  as  plasticizer,  carbon  black  (Printex-U)  as  filler,  and  an 
aziridine-based  bond  promoter.  The  propellant-liner  bonding  was  tested  by  several 
bond  failure  analysis  including  the  mechanical,  shear  and  peel  tests.  The  effects  of 
various  components  were  optimized  to  obtain  a  reliable  liner  formulation  which 
possesses  good  bonding,  and  a  soft  tacky  state  during  contacting  the  matrix.  The  shear 
and  peel  tests  were  used  to  study  the  adhesion  between  the  metal-liner  and  the 
propellant-liner  matrix  systems.  The  adhesion  strength  of  the  system  was  measured  on 
tensile  test  specimens.  In  the  compositions  achieved  by  this  way,  the  adhesion  of  liner 
to  propellant  was  found  to  be  stronger  than  the  cohesive  strength  of  the  matrix  so  that 
the  failure  occurred  from  the  matrix.  The  effect  of  bond  promoter  was  investigated  in 
adhesion  tests  and  it  was  found  that  bond  promoter  in  the  liner  composition  up  to  2% 
increases  the  adhesion  strength  significantly.  The  shear  and  tensile  tests  applied  to  the 
liner-metal  system  showed  that  the  adhesive  strength  of  the  system  is  better  than 
cohesive  strength  of  the  liner.  Adhesion  of  liner  to  aluminum  was  found  to  be  better 
than  that  of  liner  to  steel. 
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Introduction 

The  complexity  of  case  bonded  HTPB  liner  systems  has  forced  studies  towards 
refining  the  lining  process  variables  with  the  goal  of  increasing  the  reliability  of  bonds 
at  all  mterfaces  between  layers.  The  similarity  of  the  matrix  and  the  liner  in  their 
chemical  structure  and  composition  is  vital  to  assure  optimum  compatibility  and 
effective  adhesive  bonding.  The  main  objective  of  this  study  is  to  develop  an  efficient 
and  reliable  matrix  for  a  liner  chemical  bonding  system  that  fails  cohesively  in  the 
propellant,  any  other  failure  mode  being  unacceptable.”*  The  desired  liner 
compositions  should  also  provide  heat-insulation  together  with  a  reliable  adhesive 
bond  having  an  adhesive  strength  at  least  equal  to  the  cohesive  strength  of  the 
propellant.  Partially  cured  liners  are  used  in  bonding  studies.  Compositions  studied 
consist  of  HTPB  (R45-M),  isophoron  diisocyanate  (IPDl)  as  curing  agent 
dioctyladipate  (DOA)  as  plasticizer,  carbon  black  (Printex-U)  as  filler,  and  an 
azindme-based  bond  promoter.  In  order  to  have  good  bonding,  the  liner  should  be  in  a 
soft  and  tacky  state  during  contacting  the  matrix.  The  propellant-liner  bonding  was 
tested  by  a  combination  of  several  bond  failure  analyses  including  the  mechanical, 

s  ear  and  peel  tests.  The  effects  of  vanous  components  were  optimized  to  obtain  a 
reliable  liner  formulation. 


Background  to  Liner  Formulations 

The  construction  of  case  bonded  liner  system  for  solid  rocket  motors  involves  a 
senes  of  processes  designed  to  satisfy  a  variety  of  launch  parameters.  There  are  many 
processing  vanables  in  the  complex  liner  chemistry  which  affect  the  interfacial 
bonding  properties  in  the  liner-propellant  system.  Since  the  liner  and  the  propellant 
are  specifically  designed  to  maximize  the  adhesive  and  protective  properties,  an 
understanding  chemistry  of  the  liner  system  is  of  importance. 

In  this  work,  partially  cured  (precured)  liner  compositions  were  investigated. 
T  e  control  of  bamer  layer  cure  is  therefore  essential,  not  only  to  reduce  the  migration 
of  reactants  and  plasticizer  from  propellant  to  liner,  but  also  to  provide  active  surface 
for  adhesion  of  the  propellant  to  the  liner.  It  has  been  shown  that  the  isocyanate  groups 
remained  on  the  surface  of  the  liner  after  precuring  process  react  with  hydroxyl  groups 
of  the  HTPB  on  the  propellant  surface  to  form  strong  bonds  between  the  liner  and 
propellant.^)  In  order  to  produce  reliable  bonds  between  the  liner  and  the  propellant 
one  has  to  perfonu  a  controlled  precuring  which  is  a  complex  process.  The  curing  rates 
of  the  bmder  m  the  liner  and  propellant  together  with  diffusion  rates  of  ingredients  in 
both  matrixes  must  be  considered  in  the  design  of  a  liner-propellant  system.  The 
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difference  between  the  curing  rates  of  two  integral  parts  in  the  interfacial  zone  is 
minimized  by  using  the  same  curing  agent  in  the  liner  and  propellant  formulations.  The 
compositions  were  tested  for  the  achievement  of  a  liner  which  is  compatible  with  an 
aluminized  HTPB/AP  composite  propellant.  All  liners  used  contained  10%  carbon 
black  and  90%  total  binder. 

The  presence  of  plasticizer  in  the  propellant  binder  results  in  a  less  tight 
polymer  structure  that  causes  poor  propellant-liner  bond  formation.  The  migration  of 
unreacted  curing  agent  with  the  plasticizer  is  the  most  serious  cause  of  poor  propellant- 
liner  linkage.  In  order  to  control  the  diffusion  of  plasticizer  between  the  two  integral 
parts  of  the  system  its  relative  concentration  with  respect  to  the  binder  must  be  equal  in 
both  matrixes.f'^) 

Another  bonding  material  that  assists  in  the  interfacial  bonding  between  the 
liner  and  propellant  is  the  bond  promoter  which  improves  the  interaction  at  the  binder- 
oxidizer  interface  and  thus  the  mechanical  properties.  Its  presence  in  the  liner  renders 
the  surface  of  the  liner  to  be  more  active  for  adhesion  to  the  propellant.  Bond  promoter 
in  the  liner  increases  the  adhesion  by  making  hydrogen  bonding  with  the  ammonium 
perchlorate  at  the  interface.  It  is  also  used  to  control  the  migration  of  small  molecules 
from  propellant  to  liner  or  interface.  The  bond  promoter  is  also  known  to  react  with  the 
hydroxyl  groups  of  HTPB  to  form  amides  which  is  accelerated  by  the  catalytic  effect 
of  ammonium  perchlorate  particles.  (5) 

The  proper  adhesion  of  liner  to  the  metal  surface  is  provided  by  primer 
application.  For  this  purpose,  a  triisocyanate,  usually  in  solution,  is  applied  to  the 
surface  of  an  adherent  prior  to  its  contact  with  liner  adherend.  Metal  surface  is  freshly 
coated  with  a  triisocyanate  solution.  After  drying,  the  liner  is  applied  to  the  coated 
metal  surface. 

Experimental 

HTPB  (R45-M,  ARCO  Chemical  Company,  Philadelphia,  USA),  IPDI  (Fluka 
AG.  Leverkusen,  Germany),  carbon  black  (Printex-U,  Degussa  A.G.  Frankfurt, 
Germany),  and  dioctyladipate  (DOA,  Kimta§  Kimya  San.  Tic.  A.§.  Istanbul,  Turkey) 
were  used  as  purchased. 

The  liner  was  applied  with  an  aluminized  HTPB/AP  composite  propellant.  The 
aluminum  and  steel  surfaces  were  sand-blasted  and  degreased  by  trichloroethane  prior 
to  the  liner  application. 
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A  preliminary  examination  of  a  series  of  liner  compositions  showed  that  only 
three  of  them  were  promising  and  therefore  chosen  for  detailed  tests.  These  liner 
compositions  denoted  as  S-1,  S-3  and  S-4  are  given  in  Table  1. 

All  the  ingredients  except  the  curing  agent  and  the  curing  catalyst  were  put  in 
the  mixing  bowl  of  a  horizontal  mixer  and  blended  thoroughly  for  about  10  min  at 
65°C.  The  mixing  was  then  continued  under  vacuum  for  another  45  min.  After 
addition  of  curing  agent  to  the  slurry,  the  mixture  was  blended  for  15  min  under  diy 
nitrogen  gas  blanket. 

The  liner  viscosity  was  measured  by  Brookfield  viscosimeter  at  65°C  to  be  168, 
136  and  196  poise  for  S-1,  S-3  and  S-4  compositions,  respectively.  The  relative 
concentration  of  plasticizer  with  respect  to  the  binder  in  the  liner  and  the  propellant 
was  kept  equal  to  prevent  diffusion  of  the  plasticizer  and  the  other  ingredients. 

Liner  Tensile  Test 

Dog-bone  shaped  liner  specimens  of  about  50  mm  gage  length  and  3x6  mm 
cross-section  were  prepared  by  casting  into  Teflon  molds,  and  cured  for  7  days  at 
65 °C.  The  tensile  strength,  elongation  at  break  and  initial  modulus  of  the  cast 
polyurethane  liner  were  measured  on  an  Instron  tensile  testing  machine  by  the  standard 
procedure  (ASTM  D  638-77a)  at  a  crosshead  speed  of  50  mm/min  at  25°C. 

Lap  Shear  Tensile  Test 

Lap-shear  tensile  tests  of  the  liner  supported  on  steel  or  aluminum  sheet  treated 
with  triisocyanate  were  earned  out  on  the  tensile  testing  machine  at  a  crosshead  speed 
of  1  mm/min.  The  specimens  (Figure  1)  were  cured  7  days  at  65 °C  before  testing 
(ASTM  D-1002). 

T-Peel  Test 

The  liner  samples  of  1  mm  thickness  were  prepared  between  0.4  mm  aluminum 
shims  and  cured  at  65°C  for  7  days.  The  T-peel  tests  were  performed  according  to 
ASTM  D-1876  (Figure  2). 

Metal-Liner-Propellant  Tensile  Test 

The  rectangular  shaped  bond  specimen  (Figure  3)  consisted  of  a  block  of 
propellant  and  liner  system  (25  mm  thick,  25  nun  high,  50  mm  wide)  that  is  fully 
bonded  to  the  metal  case.  Freshly  prepared  liner  was  applied  onto  a  special  pool  on 
the  metal  case.  The  lined  system  was  precured  at  650C  for  3-4  hours.  The  freshly 
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prepared  propellant  was  casted  onto  the  lined  pool  and  the  system  was  cured  for  7  days 
at  65^0 .  The  load  was  applied  normal  to  the  plane  of  the  bonding  at  a  cross-head 
speed  of  1  mm/min  on  tensile  testing  machine.  At  the  end  of  the  test,  mode  of  failure 
was  reported. 

This  is  a  reliable  method  in  deciding  the  type  of  failure  between  the  liner  and 
the  propellant  (cohesive  or  adhesive).  A  successful  case  bond  liner  system  is  one  that 
fails  cohesively  in  the  propellant,  any  other  mode  of  failure  in  the  system  is  not 
acceptable,  therefore  the  liner  should  have  enough  internal  cohesive  strength  and 
adhesive  bond  capability  both  to  the  propellant  and  to  the  metal  case. 

Multiaxial  Shear  Test 

In  this  method  the  whole  system,  propellant-liner-metal,  was  tested  by  using 
specifically  designed  shear  test  apparatus  (Figure  4).  The  liner  was  applied  to  four 
surfaces  of  the  metals  which  adhere  to  the  propellant  and  precured  about  3-4  hours  at 
65'^C.  Then,  the  propellant  was  casted  between  metallic  supports.  The  setup  was 
cured  for  7  days  at  65°C.  Test  was  performed  by  using  tensile  tester  at  a  crosshead 
speed  of  50  mm/min.  At  the  end  of  the  test,  mode  of  failure  was  noted. 


Results  and  Discussion 

The  stress-strain  behavior  of  the  liners  tested  are  given  in  Fig  5.  The  S-3  and  S- 
4  formulations  are  similar  in  terms  of  their  mechanical  behavior.  The  S-1  liner 
formulation  is  quite  elastomeric  (about  900  %  elongation  before  rapture)  in  nature 
compared  to  the  other  two.  The  maximum  stress,  strain,  and  Young’s  Modulus  (E 
values)  calculated  from  the  initial  linear  portion  of  the  curves  are  given  in  Table  2. 

The  results  of  the  lap-shear  tensile  tests  are  given  in  Table  3.  In  general  the 
shear  stress  values  between  the  liner  and  the  steel  substrate  are  greater  for  S-1,  S-3 
compared  to  aluminum  substrate.  However,  for  the  S-4  system  the  aluminum  value  is 
superior.  The  values  for  the  lap-shear  tensile  test  are  the  averages  of  a  minimum  of  20 
tests.  The  S-4  composition  has  extremely  good  failure  behavior  which  is  always 
cohesive  in  the  liner,  and  more  reproducible  as  imderstood  from  the  standard  deviation 
results. 

In  Table  3,  the  maximum  shear  stress  values  for  the  metal-liner-propellant 
specimen  were  obtained  from  the  multi-axial  shear  tests.  The  failure  in  these  tests 
always  occurred  cohesively  in  the  propellant.  It  is  interesting  to  note  that,  S-4 


composition  which  gives  the  highest  shear  stress  values  with  respect  to  steel  and 
aluminum  is  the  least  effective  composition  in  protecting  the  propellant  from  cohesive 
failure.  It  can  be  said  that  S-4  is  inferior  in  shock  absorption  capacity  and  transfers  the 
stress  applied  more  or  less  directly  into  the  propellant.  With  S-4  liner  composition,  the 
propellant  fails  at  an  average  of  3,22  kg/cm^  compared  to  5,56  kg/cm^  for  S-1  and  4,29 
kg/cm^  for  S-3  compositions. 


The  typical  test  results  for  the  metal-liner-propellant  specimens  are  presented  in 
Figure  6.  The  average  values  of  stress  at  failure  are  6.30  ±0.98,  5.92  ±  1.43,  and  5.51  ± 
0.76  kg/cm^  for  S-1,  S-3,  and  S-4,  respectively.  The  failure  is  either  cohesive  in  the 
propellant  phase  or  near  the  interface  with  a  small  amount  of  ammonium  perchlorate 
remaining  on  the  liner  side.  Again,  the  more  elastomeric  liner  composition  S-1 
functions  better  than  the  S-3  and  S-4  compositions. 

The  900  peel  test  carried  out  between  0.4  mm  aluminum  sheets  (Figure  2)  give 
as  load  6800  ±  350,  6000  ±  500,  4700  ±  350  g/cm  for  S-1,  S-3  and  S-4,  respectively. 
These  values  are  average  of  a  minimum  of  10  tests  for  each  liner  formulation.  Typical 
experimental  results  for  S-1,  S-3  and  S-4  are  given  in  Figure  7.  The  load  fluctuates 
around  an  average  value  signifying  the  tearing  action  where  the  stresses  are  relieved 
and  followed  by  the  accumulation  of  stresses,  repeatedly.  Again  in  the  more  rigid 
formulations,  S-3  and  S-4,  the  propagation  of  cracks  occur  at  lower  values  of  load 
compared  to  S-1. 

Conclusion 

The  liner  composition  tested  in  this  study,  in  general,  fulfills  the  requirements 
for  a  metal-liner-propellant  system.  The  viscosity’s  were  adjusted  with  the  addition  of 
a  plasticizer  for  the  processing  ease.  As  expected,  the  elastomeric  nature  of  the  S-1 
composition  functions  better  in  absorbing  stresses  and  protecting  the  propellant  phase 
against  mechanical  stresses  as  observed  in  multiaxial  shear  stress  test  and  metal-liner- 
propellant  tests.  Also,  in  the  T-Peel  test  and  Lap-shear  tests  where  the  liner  used  alone 
with  the  primer  the  S-1  composition  has  larger  average  resistivity  against  load  before 
failure  and  larger  lap  shear  stress  values.  It  should  be  noticed  that  these  results  can  be 
deducted  from  the  stress-strain  behavior  of  the  liner  materials. 
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Table  1  The  liner  compositions  tested.  Quantities  given  show  the  weight  percentages. 


Material 

Composition 

S-1 

Composition 

S-3 

Composition 

S-4 

HTPB  (R-45M) 

75 

74 

73 

IPDI 

6.9 

6.8 

8.8 

Bond  promoter 

0.5 

2.0 

0.5 

Carbon  Black 

10 

10 

10 

DOA 

6 

6 

6 

Table  2  Average  stress,  strain,  and  E  values  for  S-1,  S-3,  and  S-4  liner  compositions. 
The  values  are  the  average  of  3  for  S-1,  15  for  S-3,  and  13  for  S-4  measurements. 


Liner  Composition 

Stress  (kg/cm2) 

Strain  (%) 

E  (kg/cm^) 

S-1 

8.30±  0.20 

864±16.6 

0.91±0.19 

S-3 

11.70±  1.63 

331±88.9 

5.978±0.58 

S-4 

15.94±3.34 

221±34.8 

11.21±1.75 

Table  3  Maximum  shear  stress  values  (kg/cm^)  between  steel,  aluminum,  propellant 
and  liner  with  the  composition  S-1,  S-3,  and  S-4. 

Composition 

Steel-Liner 

Alum-Liner 

Metal-Liner- 

Propellant 

S-1 

11.82  ±2.43 

8.13  ±1.42 

5.56  ±0.16 

S-3 

7.97  ±1.06 

7.05  ±1.25 

4.29  ±0.42 

S-4 

13.97  ±3.05 

15.93  ±3.03 

3.22  ±0.33 
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Figure  1  Lap  shear  test  specimen. 
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Figure  2  T-Peel  test  specimen. 


Figure  3  Metal-liner-propellant  tensile  test  specimen. 
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Figure  4  Multi-axial  shear  test  specimen. 
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Fig  6.  Typical  tensile  test  for  the  metal-liner-propellant  system 


Peel  Value  {g/cr 


50-1 


STUDY  ON  HMX  GRAIN  SIZE 
CLASIFICATION  BY  DMSO  METHOD 

Cheng  Jingcai,  Wu  Xiaoqing,  Guo  Jianwen 
Taiyuan  Institute  of  Machinery, 

(Taiyuan,  030051,  P.  R.  Qiina) 

ABSTRACT 

Based  on  the  discussion  of  the  principle  for  the  selection  of 
solvants  this  paper  points  out  the  advantages  of  using  DMSO  as 
solventand  the  application  of  solvent -nonesolvent  precipita¬ 
tion  in  the  control  of  conditionsfor  different  crystal iza- 
tion  process,  so  to  make  HMX  products  perfectly  satisfy 
American  Fieldata  Class  6  grain  size, 

KEY  WORDS 

DMSO,  HMX,  Clasif ication  of  Grain  Size,  Technicsof  Solvent- 
Nonesolvent  Precipitation 
DMSO=dimethyl  sulfoxide, 

HMX=Cyclotetramethylenetetranitramine  or  Octogen, 

HMPA=hexarae  thy Iphosphoramide . 

PREFACE 

HMX  is  the  world's  best  explosive  for  its  great  power,  good 
property  and  heat  stability,  it  is  use  to  be  mixed  in  propel¬ 
lants  so  as  to  increase  their  power.  This  is  the  major  trend 
of  t  oday ' s  de ve 1 opment  of  exp 1 os i ves . 

In  the  modern  production  of  HMX,  the  main  problem  besides  its 
low  production  and  high  cost  is  the  singleness  of  its  grain 
size.  Different  propellant  mixtures  need  HMX  of  different 
grain  sizes.  For  instance,  Octols  needs  C,  D  class  HMX  of 


greater  of  grain  size  and  RX-  08  cast  compound  explosive 
needs  B  class  HMX  of  less  grain  size.  Therefore  the  grain  size 
of  the  HMX  is  a  matter  that  needs  a  quick  solution  and  the  ob¬ 
ject  of  the  study  on  HMX  home  and  abroad. 

Both  mechanical  mixing  and  chemical  crystal izat ion  can  be  used 
to  realize  grain  size  classification.  As  for  HMX,  it  is  better 
to  use  the  method  of  chemical  crystal izat ion.  There  are  quite 
a  number  of  report  about  refined  HMX  and  crystal  transforma¬ 
tion,  but  few  about  HMX  grain  size  classification. 

Accordingto  a  report  from  U,  S.  P.  2900381,  American  Thatcher 
studied  first  to  refine  HMX  by  DMSO  and  got  HMX  of  high  qua¬ 
lity.  And  according  to  a  report  from  UCRL-  50612,  American 
California  University's  Lawrence  Radiation  Lab  has  worked  to¬ 
gether  with  Pantex  AEC  on  the  evalution  of  re-crystal ized  RDX 
and  HMX  used  for  DNfiSO  by  Holston  ground  force  ammunition,  and 
found  that  DMSO  is  better  than  acetone  and  other  solvents  and 
is  a  most  approprate  solvant. 

According  to  a  report  from  ADA  0232,  America  has  made  in  its 
factories  14  tests  on  re-crystal izat ion  of  HMX  by  DMSO-H2O, 
and  has  only  worked  out  products  of  four  classes;  A,B,E  and  F. 
They  could  not  work  out  HMX  of  C  and  D  classes. 

From  the  obove  observation,  we  choose  DMSO  as  solvantand  work 
on  controlled  crystalizat ion  under  different  conditions  by  us¬ 
ing  DMSO  as  solvent  and  H2O  as  nonesolvent  in  the  solvent- 
nonesolvent  precipitation,  so  as  to  realize  HMX  grain  size 
classification. 

METHOD  OF  EXPERIMEOT 

Generally  speeking,  the  course  of  crystal izat ion  includes  the 
stage  of  formation  of  saturated  solution,  formation  of  the 
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core  of  crystals,  growth  of  the  crystals  and  re-crystal izat ion. 
In  the  course  of  crystal izat ion,  super-saturation  and  super¬ 
cool  are  the  main  factors. 

There  are  many  diffrent  method  for  crystalization,  such  as 
cooling  down, evaporation,  vacuum  cooling,  salting-out  and  re¬ 
versed  crystalization.  Ours  adopt  both  the  cooling  and  saltout 
methods,  in  other  words,  to  cool  down  and  add  solvant.  The 
method  is  to  add  certain  matters  into  the  process  so  as  to 
reduce  the  dissolvability  of  the  solute  in  the  solvent,  and  is 
a  widely  used  method  in  industry.  The  added  matter  can  be  ei¬ 
ther  solid  or  liquid  or  gas,  and  is  often  called  solvent  or 
pricipitant.  Repuirement  to  added  matter  is  that  it  should  be 
soluble  in  the  solution  but  nenesoluble  to  the  crystals,  and 
easy  to  be  seperated  from  the  solution  when  necessary.  Our 
selection  of  DMSO  as  solvent  and  as  nonesolvent  satisfy 
the  requirement. 

Advantages  for  the  adoption  of  cooling  and  saltout  mehtods 
are:  1.  Increase  the  HMX  recovery  in  the  DMSO-H2O  solution.  2. 
Easy  to  control  the  crystal  temperature  at  any  degree  so  as 
to  benefit  the  growth  of  the  crystals.  3.  DMSO-H2O  makes  im¬ 
purities  stay  in  the  mother  liquor  and  thus  purifys  the  HMX. 

In  summary,  the  different  gain  sized  HMX  can  be  obtained  by 
controlling  the  temperature  and  the  adding  ratio  and  speed  of 
the  solvent. 

Crystal  products  are  classified  by  their  average  grain  size 
and  consisting  grain  sizes.  Methods  to  determine  their  grain 
size  include  sieve  method,  microscope  method  and  photo  method. 

Our  tests  is  made  by  classifying  HMX  grain  size  according  to 
American  Army  Standard  of  6  classifications,  and  to  grade  the 
products  by  water  sieve  method  from  samples.  For  we  don't  have 
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the  standard  American  sieves,  we  use  Chinese  standard  sieves 
that  are  similar  to  them  according  to  the  principals  of  sub¬ 
stitution,  Mesh  sizes  of  MIL-H-4544B  standards  is  shown  on  the 
Table  1.  and  Chinese  standards  in  comparing  to  it  is  shown  on 
Table  2. 


Table  1,  American  MIL  Standard  in  Grading  HMX 


STANDARD 

MESH 

CLASS  A 

^passed 

CLASS  B 

^Spassed 

CLASS  C 

^passed 

CLASS  D 

^passed 

CLASS  E 

/^passed 

CLASS  F 

J^passed 

8 

100 

12 

No  less 

than  99 

No  less 

than  85 

No  less 

than  99 

35 

25±15 

50 

96±6 

100 

40±15 

No  less 

than  90 

100 

50±10 

20±10 

No  less 

than  15 

65±15 

120 

No  less 

than  98 

200 

20±6 

10±10 

30±15 

325 

8±5 

No  less 

than  75 

No  less 

than  98 

15+10 

50 


RESULTS  OF  EXPERIMENT 

Test  made  by  re-crystal izing  interupted  method,  DMSO  as  sol 
vent,  nonesolvent  H^O  as  diluent  in  the  process  of  solvent 
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nonesolvent  precipitation  and  by  controlling  the  temperature 
and  changing  the  ratio  and  amount  of  DMSO-H:>0,  as  well  as  its 
dosing  speed  has  produced  HMX  with  standard  grain  sizes  fully 
satify  American  MIL  Standards.  All  products  are  qualified  3 
type  crystals.  This  method  has  the  advantages  such  as  simple, 
wide  range  of  process  conditions,  easy  to  control  and  stable. 

DISCUSSION 

1.  Factors  such  as  properties,  price,  safety  and  toxicity  are 
to  be  considered  in  the  selection  of  solvent.  HMX  has  the  cha¬ 
racters  of  great  dissolvabi lity  and  with  moderate  relation¬ 
ship  with  solution  temperature  as  shown  in  Fig.  1, 


Fig.  1.  Dissolvabi lity  of  HMX  in  different  Solvents 
and  at  different  Temperatures 

From  Fig.  1.  we  can  see  that  HMPA  has  the  greatest  dissol¬ 
vabi  lity  coefficient  and  is  followed  by  DMSO  and  buty- 
rolactone.  although  HMPA  has  a  greater  dissolvable  tempe¬ 
rature  coefficient,  it's  dissolvabi lity  is  much  less  than  DMSO, 
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Moreover,  a  big  dissolvent  temperature  co-efficient  needs 
Strict  control  of  temperature  and  thus  make  operation  dif¬ 
ficult.  Therefore  DMSO  is  the  best  select  ion. From  the  figure 
we  can  see  that  at  25“C  DMSO  still  has  considerable  dissolva- 
bility,  which  means  that  to  sure  only  DMSO  is  not  good  for  HMX 
recovery.  But  when  we  adopt  the  cooling  method  at  the  same 
time  and  use  H2O  as  diluent,  the  shortcoming  becomes  advantage. 
Our  tests  show  that  HMX  production  is  high  and  more  than  86% 
can  be  obtained  for  each  class. 

According  to  document  and  experiments,  the  using  of  DMSO  as 
solvent  helps  the  growth  of  crystals  and  all  product  will  be 
6  type  crystals. 

2.  The  control  of  degrees  of  solution  supersaturation  affects 
directly  the  result  of  the  tests.  We  adopt  both  cooling  and 
deluent  method  to  control  the  degree  of  supersaturation.  A 
speedy  cooling  down  and  adding  of  the  deluent  will  cause 
greater  degree  of  saturation  and  helps  to  produce  more 
crystals  with  small  grain  sizes.  On  the  contrary,  a  slow 
cooling  down  and  adding  of  deluent  helps  to  produce  greater 
grain  sizes.  Therefore  when  products  of  B,  E  grades  are  needed, 
the  colling  down  should  be  fast  and  the  adding  of  the  de¬ 
luent  should  be  speedy.  When  products  of  C,  D  grdes  are  needed, 
the  cooling  down  should  be  slow  and  the  adding  of  deluent 
should  be  prolonged. 

3.  The  sol vent -nonesol vent  ratio  has  a  significant  influence 
on  the  grain  sizes  of  HMX.  The  DMSO-H2O  proportion  is  used  to 
control  the  size  of  the  crystals:  If  100%  of  nonesolvent  is 
used,  a  fastest  diluted  condition  will  be  accoplished  and 
smallest  crystals  will  be  created;  If  a  ratio  of  1:1  of  sol¬ 
vent  -nonesolvent  is  used,  a  moderately  rapid  diluted  condi¬ 
tion  will  be  accomplished  and  crystals  of  greater  sizes  will 
be  created.  Therefore  when  crystals  of  C,  D  classes  are  needed. 
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the  ratio  of  DMSO-HzO  should  be  1:1,  and  when  crystals  of  E 
class  is  needed,  pure  H^O  should  be  used  for  dilution. 

4.  HMX-DMSO  solutions  have  advantages  such  as  high  temperature, 
high  HMX  dissolvability,  less  differencial  concentration  com¬ 
pared  with  other  solutions  with  same  co-centration,  and  are 
thus  good  for  the  growth  of  the  crystals.  According  to  the 
study  of  crysatalization,  when  crystal izing  and  dissolving  are 
big  crystals  are  likely  to  grow.  Therefore  when  crystals  of  D, 
C  classes  are  needed,  the  crystal izing  temperature  is  to  be 
controlled  around  80’C,  and  when  that  of  other  classes  are 
needed,  the  temperature  should  be  lower.  The  temperature 
should  not  be  too  high,  for  DMSO  is  volatile  and  high  tempe¬ 
rature  will  cause  more  loss  and  air  pollution.  Crystal izing 
temperature  has  to  be  controlled  properly  according  to  the 
grain  size  requirement  of  the  product. 

5.  Speed  of  agitation  also  influences  the  forming  of  crystals. 
When  agitation  speed  is  too  low,  crystals  are  settled  in  the 
boot  tom  and  remain  small,  which  prevents  mass  tranfer.  When 
the  agitating  speed  is  good  for  mass  transfer.  Therefore  the 
speed  of  agitation  should  be  determind  by  a  comprehensive  con¬ 
sideration  of  the  apperatus,  type  of  the  impeller  and  the 
grain  size  requirement. 
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INVESTIGATION  OF  PENTAERYTHRITYL  DIAZIDO  DINITRATE 

Wang  Ping,  Wang  Xiaochuan,  Huang  Yue,  Lt  Changqing 
Institute  of  Chemical  Materials,  CAEP 
P.  O.  Box  513, Chengdu  610003.  China 

Abstract 

Pentaerythrityl  diazido  dinitrate  (PDADN)  is  hopeful  to  be  used  as  a  component  in 
pyrotechnics  and  propellant,  especially,  in  the  liquid  gun  propellant  formulations 
because  of  the  two  kinds  of  energetic  groups  in  its  molecule  which  would  play  the 
roles  of  both  improving  the  oxygen  balance  of  the  composition  and  increasing  the 
nitrogen  gas  In  the  combustion  products  needed  to  enhance  the  impulse  and  decrease 
the  temperature  in  the  gun  bore. 

PDADN  was  synthesized  and  characterized  in  our  laboratory.  The  results  show  that 
PDADN  is  a  crystalline  compound  at  ambient  temperature  with  melting  point  of  39.  6 
—39.  rC  ,  which  disagrees  with  the  report  In  US  Patent  4  683  086  (1987)  concluding 
that  PDADN  was  a  colorless  oil  with  refractivity  of  ng^  *  1.  5165. 

The  infrared  spectrum  of  our  PDADN  gives  the  same  characteristic  wave  number  for 
C— Njand  C— ONOj,  respectively,  as  described  in  the  above-said  patent. 

All  data  of  element  analysis,  mass  spectrum  (MS)  and  nuclear  magnetic  resonance 
(NMR)  agree  with  the  molecular  structure  of 

CHjNj 

O2NOH2C— C— CHiONO, 

CHjNa 

The  differential  scanning  calorimetry  (DSC)  analysis  show  an  acceptable 
thermal  stability  of  PDADN  for  practical  application. 
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1.  Intrduction 

According  to  analysing  the  properties  of  pentaerythrityl  tetranitrate  (PETN)  and 
pentaerythrityl  tetrazide  (PETA)^‘^  combined  with  a  series  of  aliphatic  azide  related 
data,  we  consider,  if  two  nitrate  groups  (— ONOj)  in  PETN  was  replaced  by  azido 
groups  (  — N3),  the  expected  product,  pentaerythrityl  diazido  dinitrae  (PDADN), 
would  be  an  oil  or  a  compound  with  low  melting  point  and  much  accepted  stability 
compared  with  that  of  PETN.  The  compound  with  such  properties  would  be  a 
promising  energetic  plasticizer  for  polymer  bonded  explosive  (PBX),  pyrotechnics 
and  propellant,  especally,  a  component  in  high  energy  and  low  fume  liquid  gun 
propellant  because  of  the  two  kinds  of  energetic  groups  in  its  molecule  which  would 
play  the  roles  of  both  improving  the  oxygen  balance  for  the  composition  and 
increasing  the  nitrogen  gas  In  the  combustion  products  needed  to  enhance  the 
impulse  and  decrease  the  temperature  in  the  gun  bore. 


We  tried  different  methods  to  synthesize  PDADN.  One  of  the  routes  was  aimed  at 
sythesizing  pentaerythrityl  diazido  diol  (PDADO)* 

CHiOH  CHiOTs 

1  I 

HOHjC— C— CH2OH  +2TsCI — ^  HOH2C— C— CH2OH 

I  I 

CHjOH  CHjOTs 


CHjOTs 

HOH2C— C— CHjOH  +  ZNaNj  — ► 
CHjOTs 


CH2ON3 

HOHjC— C— CHjOH 
CH2ON3 
(PDADO) 


Where  Ts=tosyl  or  phenylsulfonyl. 
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No  matter  how  to  stolchiometrically  reduce  the  quantity  of  TsCI  or  NaNatwe  could  not 
reserve  the  hydroxy  group  (—OH)  on  the  matrix  of  pentaerythrityl.  Except  reduction 
of  the  yield,  PETA  was  the  only  azidation  product,  no  mono-,  di-  or  triazido 
derivative  were  found. 


Dr.  Milton  Frankel'^*^  who  used  bis  (chloromethylene)  oxetane  (BCMO)  as  starting 
material  to  synthesize  PDADN; 


CH2CI 

I 

CH2 — C — CHjCI 
O - CHj 


NaN, 

DMF 


CH2N3 

CH2 — C — CH2N3 
O - CH2 


HNO, 


BCMO  BAMO 

CH2N3  CH2N3 

I  HNO,  -  Ac,0  I 

HOH2C— c— CH2ONO2  - ^  O2NOH2C— C^HjONOj 

CH2N3  CH2N3 

PDAMN  PDADN 

The  intermediate,  bis(azidomethylene)oxetane  (BAMO),  was  nitrated  by  two  steps 

to  convert  into  pentaerythrtaol  diazido  mononitrate  ( PDAMN )  and  dinitrate 
(PDADN)  respectively. 


Frankel  reported  that  PDADN  was  nearly  a  colorless  oil  at  25'C*nS^  *  1.  5161»  the 
infrared  spectrum  of  strong  absorption  peaks  2083cm“U  — N3) ,  and  1626cm“‘(  — 
ONOj)  agreed  with  the  expected  molecular  structure. 

Simulating  Frankel's  way,  we  obtained  PDAMN  which  is  a  pale-yellow  oil  and 
agrees  with  the  report,  but  the  PDADN  we  obtained  is  an  off-white  crystalline  with 
melting  point  39- 6-^39. 70.  Although  we  made  some  modification  in  the  nitration 
condition,  the  results  were  the  same. 
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2.  Synthesis 
2.1  PDAMN 

43ml  nitric  acid  (NA)  of  70%  (wt)  was  slowly  dropped  Into  a  solution  of  51g  BAMO  in 
61ml  methylene  chloride  (MC)  under  stirring  at  ambient  temperature.  A  remarkable 
exotherm  occurred.  The  reaction  temperature  was  controlled  at  22~30”C.  After  the 
addition  of  BAMO  was  completed,  the  reactants  were  kept  stirred  for  about  70  hrs. 
Then  the  solution  was  washed  with  water  and  neutralized  with  dilute  aqueous 
NaHCOa,  until  pH=7.  The  organic  solution  layer  in  the  vessel  was  separated  out  and 
distilled  at  reduced  pressure  to  dispel  MC.  The  product  of  PDAMN  obtained  was  a 
viscous  oil  with  pale-yellow  color.  The  infrared  spectrum  (Fig.  1)  agrees  with  that 
reported  in  reference[2],  and  the  strong  absorption  peaks  at  2083cm’%  1626cm“^ 
and  3400cm“^  imply  the  groups  of  —  N3,  —  ONOj  and  —OH,  respectively,  in  the 
molecule. 


Fig.  1  Infrared  spectrum  of  PDAMN 
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2.2  PDADN 

32g  acetic  anhydride  was  mixed  with  168ml  MC  and  cooled  down  to  0~5°C.  13g 
fumic  NA  (98%)  was  slowly  added  into  the  flask  under  agitation  and  cooling.  Then 
42g  PDAMN  in  48ml  MC  was  added  dropwise  into  the  nitration  mixture.  The 
temperature  was  kept  below  5'C  for  all  the  time  when  PDAMN  solution  was  added. 
5  min  latter  the  temperature  was  enhanced  to  20'^30'C  and  agitation  was  continued 
for  10  minutes.  The  reaction  mixture  was  diluted  with  cold  water.  The  water- 
insoluble  phase  was  separated  and  treated  with  dilute  aqueous  NaHCOa  and  water 
until  pH  =  7.  The  organic  phase  was  dried  with  anhydrous  MgS04,  purified  in  a 
column  filled  with  neutral  alumina.  The  eluate  was  condensed  in  vacuum  then  a  wax¬ 
like  solid  formed.  After  crystallization  of  the  product  from  MC,  a  near  white 
crystalline  with  m.  p.  39.  6~39.  7"C  was  obtained. 

To  observe  the  influence  of  nitration  temperature  on  the  result,  we  canceled  out  the 
step  of  temperature  enhancement  after  the  addition  of  PDAMN  was  finished  and  kept 
the  reaction  at  0~5“C  for  20  minutes.  The  final  product  was  the  same  crystal  with 
the  same  m.  p.  as  stated  above. 

3.  Identification  of  PDADN 

3. 1  Physical  Properties 

PDADN  Is  an  off-white  crystalline  at  ambient  temperature  and  melts  at  39.  6 
39.  7"C.  The  refractivity  at  its  molten  state  is  n”  1.  5082,  and  supercooling  occurs 
until  the  melt  freezes  completely  when  the  temperature  is  down  to  20 'C. 

Fig.  2  Shows  the  microphotograph  of  PDADN  magnified  90  times  of  the  crystals. 

3. 2  Element  analysis 


The  results  of  5  PDADN  samples'  element  analysis  were  shown  In  table  1.  The 
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reaction  conditions  of  synthesis  were  somewhat  different  for  the  samples,  but  the 
analyzing  data  of  theirs  are  similar  to  each  other  in  the  error  range  allowed  and 
basically  agree  with  those  of  the  theoretical  values  of  PDADN. 


Fig.  2  Micropholograph  (90  times)  of  PDADN 


Table  1.  Element  analysis  data  of  PDADN 


No 

C  (%) 

H  (%} 

N  (%) 

1 

22.  52 

2.  98 

40.  74 

2 

22.  57 

2.  98 

40.  80 

3 

22.  63 

2.  93 

39.95 

4 

22.  87 

2.  98 

40.  33 

5 

22.  54 

2.  99 

40. 14 

Averge 

22.  63 

2.  97 

40.  39 

Theoretic 

21.74 

2.  90 

40.  58 

Deviation  (.%) 

+  4.  1 

+  2.4 

-0.  47 

3. 3  Infrared  spectrum 

Fig.  3  are  two  infrared  spectra  of  PDADN  obtained  from  different  nitration 
conditions,  (a)  is  the  nitration  product  of  PDAMN  under  0~5”C  for  20  min;  (b)  is 
that  under  for  5  min  and  then  30 ”C  for  10  min.  It  is  clear  that  there  is  no 


essential  difference  between  two  spectra.  The  strong  absorption  peaks  comform  to 
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that  reported  in  reference[2].  But,  compared  with  Fig.  l,the  characteristic  peak  at 
3400cm“*  disappeared,  which  means  the  hydroxy  group  has  converted  to  — ONOj. 


Fig.  3  Infrared  spectra  of  PDADN 
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3. 4  Mass  spectrum  (MS) 

Fig.  4  is  the  mass  spectrum  of  PDADN  obtained  from  bombarding  the  specimen  with 
an  electronic  energy  of  70eV.  It  can  be  seen  that  the  maximum  mass  to  charge  ratio, 
M/z,  of  the  molecular  or  "parent"  ion  is  277.  According  to  the  "nitrogen  rule",  the 
mass  of  molecular  ion  is  276  which  conforms  to  the  mass  number  of  PDADN.  The  low 
Intensity  of  peak  implies  that  PDADN  is  rather  unstable  under  the  condition  of 
electron's  bombardment,  and  quite  a  lot  of  ionic  fragments  are  formed  because  of 
the  fracture  of  chemical  bonds  in  the  molecule.  The  relatively  intensive  peaks  of 
M/z  46,  M/z  56  and  M/z  69  correspond  to  the  fragment  of +NO2  ,  +CH2N3  and 
CHj  =  C  Nj  rearranged  from  the  former.  These  fragments  indicate  the  existence 

I 

of  —  NOj  ,  —  CHjNaand  — C — CH2N3  in  the  PDADN  molecule.  The  fragmental  ions 
with  M/z  84  and  M/z  99  imply  the  —  CH2  —  0  —  structure. 

Combining  the  FTIR  data,  the  results  of  MS  above  can  identify  that  the  molecular 
structure  of  PDADN  is 

CH2N3 

O2NO— H2C— C--CH2— ONO2 
CH2N3 

3. 5  Nuclear  magnetic  resonance  (NMR) 

Fig.  5  and  Fig.  6  are  the  H-  and  C-spectrum  of  PDADN  obtained  from  300MHz  nuclear 
magnetic  resonator.  The  peaks  In  Fig.  5  indicate  there  exist  only  two  types  of 
hydrogen  in  PDADN  molecule.  The  peaks  in  chemical  shift  of  S=3.  52  ppm  and  4.  43 

I  I 

ppm  correspond  the  H-spectrum  in  — C— CH2— ONO2  and  — C — CH2 — N3 

respectively.  Fig.  6  shows  the  existence  of  three  types  of  carbon  in  PDADN 
molecule.  The  single  peak  at  §=42.  35  ppm,  the  triple  peaks  at  §=50-29  ppm  and 
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Fig.  6  "C-NMR  spectrum  of  PDADN 

4.  Thermal  properties 

Table.  2  and  Fig,  7  show  the  data  of  BAMO ,  PDAMN  and  PDADN  in  DSC  analysis  .  It 
can  be  seen,  all  the  chemical  bonds  except  —  N3  are  very  stable  in  BAMO, 
therefore,  only  the  exothermal  peak,  2710 ,  characteristic  to  -N3  appears  in  its 
DSC  data.  The  exothermal  peaks  of  PDAMN  and  PDADN  locate  at  the  temperature 
near  200  C  which  agrees  with  the  decomposition  temperature  specified  to  — ONO^. 

5.  Conclusion 

Ail  the  analysis  data  prove  that  PDADN  is  a  crystalline  subtance  at  ambient 
temperature  with  low  melting  point  of  39.  6-39.  70.  Our  preliminary  work  shows 
PDADN  is  promising  to  be  used  as  a  ingredient  in  liquid  propellant  for  impulse 
enhancement  and  reduction  of  the  combustion  temperature  in  the  gun  bore.  Because 
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of  its  crystallinity,  PDADN  is  rather  sensitive  to  impact  and  friction  according  to  our 
test,  which  seems  not  favorite  for  PDADN  to  be  used  as  an  energetic  plasticizer  in 
PBX  as  we  thought  before. 


Table  2  DSC  data  of  BAMO,  PDAMN  and  PDADN 


No 

Sample 

Onset 

CO 

Exo.  peak 

CC) 

AH(j»oomp 

(J/g) 

1 

BAMO 

214.  6 

271.2 

— 

2 

PDAMN  -1 

182.3 

199.5 

-2572 

3 

-2 

181. 1 

199.7 

-2667 

4 

PDADN  -2 

190.9 

204.3 

-2587 

5 

-5 

192.3 

204.6 

-2570 

T  (C)  T  (C) 

Fig.  7  DSC  curve  of  (a)  PDAMN  and  (b)  PDADN 
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Thermodynamic  calculations  are  nowadays  an  indispensable  part  of 
scientific  and  technical  investigations.  The  fast  Improvement  of  computer 
capabilities  did  enhance  the  calculation  of  chemical  equilibria,  which  is  of 
interest  for  the  evaluation  of  the  performance  of  energetic  materials,  rocket 
and  gun  propellants,  but  also  for  optimization  purposes  of  combustion 
processes  with  regard  to  temperature,  pressure  and  product  formation.  Such 
calculations  can  be  performed  for  example  with  the  ICT  -  Thermodynamic 
Code,  which  is  running  on  PC. 

The  reliability  of  the  results  of  thermochemical  calculations  depends 
primarily  on  the  accuracy  of  the  data  used.  Therefore  the  Fraunhofer  - 
Institute  fiir  Chemische  Technologie  (ICT)  began  very  early  to  collect  data  on 
energetic  materials.  In  1971,  tables  with  properties  of  substances  related  with 
the  preparation  of  rocket  and  gun  propellants  were  published: 

F.  Volk,  H.  Bathelt,  R.  Kuthe 
Thermodynamische  Oaten  von  Raketentreibstoffen, 
Treibladungspulvern  und  Sprengstoffen  sowie  deren  Komponenten 

A  supplement  was  published  in  1981. 

Meanwhile,  properties  of  a  lot  of  new  energetic  substances  have  been 
published.  Therefore,  Instead  of  compiling  an  additional  supplement,  we 
decided  to  store  the  main  properties  of  all  substances  in  a 
THERMOCHEMICAL  DATA  BASE  on  PC.  Compared  with  printed  tables,  this 
has  the  advantage  that  data  can  be  retrieved  very  fast;  updates  can  be  made 
easily  and  regularly. 
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The  Thermochemical  Data  Base 

contains  data  of  2228  substances 
contains  especially  data  of  energetic 
materials 

is  available  in  English  and  German 
is  updated  regularly 

The  following  data  is  stored: 

•  Sum  formula 

•  State  of  aggregation 

•  Name(s) 

•  Molecular  weight 

•  Oxygen  balance 

•  Density 

•  Melting  point 

•  Boiling  point 

•  Enthalpy  of  formation  (up  to  four  values) 

•  Energy  of  formation 

•  Energy  of  combustion 

•  References 

structure  formulas  of  the  stored  organic  substances 
are  given  in  the  manual. 
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The  Thermochemical  Data  Base 

allows  to  search  for 

•Names 

•Parts  of  names 

•Names  beginning  with  a  certain  letter 
•Sum  formulas 
•Parts  of  sum  formulas 
•Substances  consisting  of  certain  elements 
•Substances  containing  certain  elements 
•Substances  with  certain  properties 
(for  example  with  a  positive  oxygen  balance) 
•Substances  belonging  to  certain  classes 
for  example:  Primary  explosives 
Stabilizers 
Liquid  fuels 
Pyrotechnics 
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Liquid 


PROPYLENEGLYCOL  DINITRATE  METHYLNITROGLYCOL 

1,2-DINITROXYPROPANE  1,2-PROPANEDIOL  DINITRATE 


Molecular  Weight: 
Density  [g/cm3] : 
Melting  Point  [°C]: 
Boiling  Point  [°C]: 

166.090  [g] 
1.377  at  20°C 
-42.5 

92  (10mm) 

Oxygen  Balance:  -28, 
Source:  B013 

Source:  57 

Source:  B013 

.90  [%] 

Enthalpy  of  Formation 
[KJ/Hol]  [Kcal/Mol]  [Kcal/kg] 

Energy  of  Formation 
[KJ/Hol]  [Kcal/Mol] 

Sourc 

-294.97  -70.50 

-424.47 

-277.63 

-66.36 

36 

-277.65  -66.36 

-399.54 

-260.31 

-62.22 

175 

-347.69  -83.10 

-500.33 

-330.35 

-78.96 

57 

Samples 

of  the  stored  values 


1-  109 


1,2,4-BUTANETRIOL  TRINITRATE 


Molecular  Weight:  241.114  [g] 

Density  [g/cm3] :  1.520  at  20°C 

Melting  Point  [°C]:  -5.8-(-3.2) 


Enthalpy  of  Formation 
[KJ/Hol]  [Kcal/Mol]  [Kcal/kg] 
-285.52  -68.24  -283.02 

-398.02  -95.13  -394.54 


Oxygen  Balance: 
Source:  99 
Source:  202 


-16.59  [%] 


Energy  of  Formation 
[KJ/Mol]  [Kcal/Mol] 
-261.98  -62.62 
-374,49  -89.51 


Energy  of  Combustion: 
522.7  [Kcal/Mol]  = 


2167.9  [cal/g] 


Source:  27 


C5  H9  N3  09 


METHYLTRIMETHYLOLMETHANE  TRINITRATE 
TMETN 

Molecular  Weight:  255.141  [g]  0 

Density  [g/cm3] :  1.488 

Melting  Point  [°C] :  15.7-17.1 

Boiling  Point  [°C] :  182  0 


Source 


1-  156 


Liquid 


METRIOL  TRINITRATE 


Oxygen  Balance:  -34.49  [%] 
Source:  68 
Source:  202 
Source:  57 


Enthalpy  of  Formation 

Energy  of 

Formation 

Source 

[KJ/Hol] 

[Kcal/Mol] 

[Kcal/kq] 

[KJ/Mol] 

[Kcal/Mol] 

-442.67 

-105.80 

-414.67 

-416.66 

-99.58 

68 

-443.50 

-106.00 

-415.46 

-417.49 

-99.78 

STB 

-476.14 

-113.80 

-446.03 

-450.13 

-107.58 

57 

-388.69 

-92.90 

-364.11 

-362.68 

-86.68 

99 

Energy  of 

Combustion: 

Source:  57 

674.0 

[Kcal/Mol] 

=  2641.7 

[cal/g] 

1-  208 
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C4  H6  N4  012 

TETRANITROERYTHROL  NITROERYTHROL 
ERYTHROL  TETRANITRATE 


Molecular  Weight: 
Density  [g/cm3] : 
Melting  Point  [“C] : 

302.111  [g] 
1.6 

61.5 

Oxygen  Balance:  5. 

Source:  EX 

Source:  EX 

.30  [%] 

Enthalpy  of  Formation 

Energy  of  Formation 

Source 

[KJ/Mol]  [Kcal/Mol] 

[Kcal/kg] 

[KJ/Mol] 

[Kcal/Mol] 

-502.50  -120.10 

-397.54 

-475.25 

-113.59 

CTI 

Energy  of  Combustion: 

Source:  S 

467.1  [Kcal/Mol] 

=  1546.1 

[cal/g] 

1-  154 

C4  H8  N8  08 

CYCLOTETRAHETHYLENE  TETRANITRAHINE  OCTOGEN 

1,3,5, 7-TETRANITRO-l, 3, 5, 7-TETRAAZACYCLOOCTANE 


Molecular  Weight:  296.156  [g] 
Density  [g/cm3] :  1.902 

Melting  Point  [‘’C]:  280  D 

Enthalpy  of  Formation 
[KJ/Mol]  [Kcal/Mol]  [Kcal/kg] 


Oxygen  Balance: 
Source:  63 
Source:  211 


-21.61  [%] 


Energy  of  Formation 
[KJ/Mol]  [Kcal/Mol] 


Source 


75.02 

17.93 

60.54 

104.75 

25.03 

STA 

47.28 

11.30 

38.16 

77.01 

18.40 

63 

87.86 

21.00 

70.91 

117.59 

28.10 

17 

90.29 

21.58 

72.87 

120.02 

28.68 

10 

jrgy  of 
660.7 

Combustion: 
[Kcal/Mol]  = 

2230.9 

[cal/g] 

Source:  63 

1-  1! 

C  4  H  2 

N  8  0  10 

Solid 

1,3, 4, 6- 

TETRANITROGLYCOLURIL 

SORGUYL 

Molecular  Weight: 

322.107  [g] 

Oxygen  Balance:  4.97  [%] 

Density 

[g/cm3] : 

2.01 

Source: 

32 

Melting  Point  [®C] : 

250  D 

Source: 

189 

Enthalpy  of  Formation 

Energy  of  Formation  Source 

[KJ/Mol] 

[Kcal/Mol] 

[Kcal/kq] 

[KJ/Mol] 

[Kcal/Mol] 

-15.06 

-3.60 

-11.18 

9.71 

2.32  137 

-48.95 

-11.70 

-36.32 

-24.18 

-5.78  31 

50.21 

12.00 

37.25 

74.98 

17.92  199 

56.99 

13.62 

42.28 

81.76 

19.54  32 

Energy  of  Combustion 

; 

Source:  32 

463.0  [Kcal/Mol] 

=  1437.4 

[cal/g] 

1-  198 
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N  3  NA  1 

Solid 

SODIUM  AZIDE  NAN3 

Molecular  Weight:  65.010  [g] 

Density  [g/cm3] :  1.846  at  20°C 

Melting  Point  [°C]:  275  D 

Oxygen  Balance:  -12.31  [%] 
Source;  264 

Source:  30 

Enthalpy  of  Formation 
[KJ/Mol]  [Kcal/Mol]  [Kcal/kg] 
21.25  5.08  78.14 

21.71  5.19  79.83 

Energy  of  Formation 
[KJ/Hol]  [Kcal/Mol] 
24.97  5.97 

25.43  6.08 

Source 

21 

SE 

C5  H6  N6  0  14 

Solid 

BIS  (2 , 2, 2-TRINITROETHYL) FORMAL  TEFO 
1, 1 , 1, 7 , 7. 7-HEXANITRO-3 , 5-DIOXAHEPTANE 
BIS(2,2,2-TRINITR0ETH0XY)HETHANE 


Molecular  Weight:  374.134  [g] 

Density  [g/cm3] :  1.72  at  25°C 

Melting  Point  [°C] :  65 

Oxygen  Balance:  4 

Source:  22 

Source:  22 

.28  [%] 

Enthalpy  of  Formation 
[KJ/Hol]  [Kcal/Mol]  [Kcal/kg] 
-403.30  -96.39  -257.63 

-402.08  -96.10  -256.86 

-403.34  -96.40  -257.66 

Energy  of  Formation 
[KJ/Hol]  [Kcal/Mol] 
-371.09  -88.69 
-369.88  -88.40 
-371.13  -88.70 

Source 

72 

72 

86 

Energy  of  Combustion:  Source-  93 

579.1  [Kcal/Mol]  =  1547.8  [cal/g] 

1-  224 

C6  H8  N6  0  18 

Solid 

NITROMANNITOL 


MANNITOL  HEXANITRATE  HEXANITROMANNITOL 


Molecular  Weight:  452.159  [g] 

Density  [g/cm3] :  1.8  at  20° 

Melting  Point  [®C] :  112.3 
Boiling  Point  [°C] :  120  E 


Oxygen  Balance: 
Source:  H 
Source:  H 
Source:  H 


7.08  [%] 


Enthalpy  of  Formation 
[KJ/Mol]  [Kcal/Mol]  [Kcal/kg] 
-644.34  -154.00  -340.59 


Energy  of  Formation 
[KJ/Mol]  [Kcal/Mol] 
-604.70  -144.53 


Source 


STC 


Energy  of  Combustion: 

Source;  L 

683.8  [Kcal/Mol]  = 

1512.3  [cal/g] 

1-  260 
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1-613  TETRAFLUORO  METHANE 
1-188  TETRAFORMALTRIAZINE 

1-1462  r,2’.3',4'-TETRAHYDRO-1,2'-DlNAPHTHYLMETHANE 
1-745  TETRAHYDRO-3,3.5,5-TETRAKIS(HYDROXYMETHYL)-4-HYDROXYPYRAN 
1-814  TETRAHYDROCARBAZOLE  CARBOXAMIDE 
1-814  TETRAHYDROCARBAZOLE  UREA 
1-  484  exo-TETRAHYDRODICYCLOPENTADIENE 
1-  795  exo-TETRAHYDRO-DI{METHYLCYCLOPENTADlENE) 

1-1172  TETRAHYDROFURAN 
1-1221  TETRAHYDROFURFURYL  ALCOHOL 
1  -1 386  1 ,2,3,4-TETRAHYDRONAPHTALENE 
1-1183  TETRAHYDROPYRROLE 
1-  747  TETRA(HYDROXYMETHYL)METHANE 
1-  437  TETRAKIS-2,2,2-TRINITROETHYL  ORTHO  ESTER 
1-1749  1.2,4.5-TETRAKIS(DIAZ!DOMETHYL)  BENZENE 
1-  748  2,2,4,4-TETRAKiS(HYDROXYMETHYL  NITRATE)PYRANOL  NITRATE 
1-  748  2.2,4,4-TETRAKIS{NITRATOMETHYL)-1-PYRANOL  NITRATE 
1-  622  TETRAMETHYLAMMONIUM-DECAHYDRODECABORATE 
1- 170  TETRAMETHYLAMMONIUM  NITRATE 
1-1 389  1 ,2,4.5-TETRAMETHYLBENZENE 
1-1033  2,2,3,3-TETRAMETHYLBUTANE 
1-  761  TETRAMETHYLBUTYNEDIOL 
1-1640  1,1,2,2-TETRAMETHYLCYCLOPROPANE 
1-  650  TETRAMETHYL-DIBORANE 
1-1060  TETRAMETHYLENE 
1-1172  TETRAMETHYLENEOXIDE 
1-1688  TETRAMETHYLLEAD 

1-  468  TETRAMETHYLOLCYCLOHEXANOL  PENTANITRATE 
1-  467  TETRAMETHYLOLCYCLOHEXANONE  TETRANITRATE 
1-  441  TETRAMETHYLOLCYCLOPENTANOL  PENTANITRATE 
1-  440  TETRAMETHYLOLCYCLOPENTANON  TETRANITRATE 
1-747  TETRAMETHYLOLMETHANE 
1-187  TETRAMETHYLOZONIDE 

1-  159  1,3.5,7-TETRANITRO-1,3,5.7-TETRAAZACYCLOOCTANE 

1-  868  1 ,3,5.5-TETRAN!TRO-1,3-DIAZACYCLOHEXANE 

1-  868  1,3.5,5-TETRANITRO-1,3-DIAZINE 

1-323  trans-1,4,5,8-TETRANITRO-1,4,5,8-TETRAAZADECALIN 

1-1153  2,4.6,8-TETRANITRO-2,4.6,8-TETRAAZACYCLOOCTANON-1 

1-1199  2,4,6,8-TETRANITRO-2,4,6,8-TETRAAZADICYCLO(3.3,0)-OCTANDIONE-(3.7) 

1-1152  2,4,6,8-TETRANITRO-2,4,6,8-TETRAAZADICYCLO{3,3,0)OCTANE 

1-1 143  2,4,6,8-TETRANITRO-2,4,6,8-TETRAAZADICYCLO(3,3.0)OCTANON-3 

1-1167  1,3,5.7-TETRANITRO-2,6-DIOXO-1.3,5,7-TETRAAZACYCLOOCTANE 
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Zusammenfassung 

Es  wird  der  Einsatz  von  drei  neuen  uber  OH-Gruppen  chemisch  einbindbaren  Fer- 
rocenderivaten  in  hochgefullten  AP,  Al,  HTPB-Compositformulierungen  vorgestellt. 
Dabei  werden  der  EinfluB  auf  die  Verarbeitbarkeit,  die  Ausbildung  guter  mechani- 
scher  Eigenschaften  mit  vernetzenden  Triol-  und  Isocyanatkomponenten  und  die 
Wirksamkeit  auf  die  Erhohung  der  Abbrandgeschwindigkeit  im  Vergleich  zum 
2,2’-Bis(ethylferrocenyl)propan  (Catocen®)  untersucht. 

Es  zeigt  sich,  daB  ein  Derivat  bis  zur  Konzentration  von  1 ,5  Gew%  alle  wesentlichen 
Eigenschaftsforderungen  fur  den  Treibstoffeinsatz  erfullt,  chemisch  eingebunden 
wird  und  in  der  Erhohung  der  Abbrandgeschwindigkeit  ebenso  wirksam  ist  wie 
Catocen. 

Abstract 


Three  new  ferrocene  derivatives  are  introduced  which  are  chemically  bound  by  OH 
groups  to  the  binder  system  of  AP,  Al.  HTPB-composite  propellants  with  high  solids 
loading.  Their  influence  on  processing  parameters  like  casting  viscosities,  formation 
of  good  mechanical  properties  with  suitable  triol  and  isocyanate  compounds  and 
their  efficiency  on  burn  rate  enhancement  is  examined  in  comparison  to 
2,2'-Bis(ethyiferrocenyl}propane  (Catocen®). 

It  is  demonstrated  that  one  ferrocene  compound  fulfills  all  essential  property  requi¬ 
rements  for  the  application  in  composite  propellants  up  to  a  concentration  of  1,5  %.  It 
is  chemically  bound  to  the  binder  without  disturbing  network  formation  and  is  as 
effective  (or  even  more)  as  Catocene  in  the  enhancement  of  burning  velocities. 
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1.  Einfuhrunq  und  Zielsetzung 

Mit  Ferrocenverbindungen  konnen  Raketentreibstoffe  fur  hochbeschleunigende 
Flugkorperantriebe  formuliert  warden,  die  hohe  Fullstoffanteile  feinkorniger  AP- 
Fraktion  enthalten  und  auf  diese  Weise  hohe  Leistung  und  hohe  Abrandgeschwin- 
digkeiten  in  sich  vereinigen. 

Flussige  Ferrocenderivate  wie  2,2’Bis(ethylferrocenyl)propan  (Catocen®)  sind  in  der 
Lage,  die  Abbrandgeschwindigkeiten  von  Composittreibstoffen  signifikant  zu  erho- 
hen,  ohne  daf3  die  Leistung,  die  Verarbeitbarkeit  oder  die  mechanischen  Eigenschaf- 
ten  wesentlich  beeinfluBt  warden. 

Der  Nachteil  dieser  hoch  wirksamen  Abbrandkatalysatoren  liegt  in  ihrer  Tendenz  zur 
Migration  und  leichten  Oxidierbarkeit  durch  Luftsauerstoff. 

Dies  fuhrt  zu  einem  schlechteren  Alterungsverhalten  und  einer  geringen  Zuverlassig- 
keit  des  Treibstoffs  sowie  zu  einer  geringeren  Lebensdauer  und  erhohten  Empfind- 
lichkeit.  Wie  BohnIein-MauB  et  ai  (1,2)  zeigen  konnten,  verringert  sich  die  Migra- 
tionstendenz  der  Ferrocenderivate  beim  Einbau  sperriger  Liganden  am  Ferrocen. 
Zugieich  sind  aber  auch  die  sterisch  gehinderten  Ferrocene  bei  der  Erhbhung  der 
Abbrandgeschwindigkeit  nicht  so  wirksam  wie  die  weniger  substituierten  Derivate.  In 
diesem  Sinne  erhoht  z.B.  bei  gleichem  Eisengehalt  im  Treibstoff  n-Butylferrocen  die 
Abbrandgeschwindigkeit  eines  Composittreibstoffs  auf  der  Basis  AP,  A!  und  HTPB 
weniger  stark  als  Ethylferrocen  (2). 

Ethyiferrocen  migriert  aber  auch  starker  als  das  ohnehin  schon  schnell  wandernde 
n-Butylferrocen.  Ferrocenderivate  mit  hoher  Wirksamkeit,  die  nicht  mehr  migrieren 
sollen,  mussen  deshalb  mit  dem  polymeren  Bindersystem  chemisch  gebunden  sein. 
Verschiedene  mono-  und  difunktioneil  substituierte  Derivate  sind  in  der  Patentlitera- 
tur  beschrieben  (3-5).  Die  meisten  davon  sind  nicht  flussig  oder  lassen  sich  nicht 
unter  Erhalt  von  GieBfahigkeit  und  guten  mechanischen  Eigenschaften  in  hochge- 
fullte  Composittreibstoffe  einarbeiten. 
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Ein  neues  Praparat,  das  hoch  wirksam  ist  und  alle  Anwendungseigenschaften  erfullt, 
ist  Butacen®,  ein  am  Polybutadien  gekoppeltes  Ferrocen  (6).  Es  erfordert  jedoch 
hohe  Einsatzkonzentrationen  und  ist  aufwendig  zu  synthetisieren. 

Aus  diesem  Grunde  war  es  das  Ziel  der  Arbeit,  leichter  zu  synthetisierende  chemisch 
einbindbare  Ferrocenderivate  auf  ihre  Wirksamkeit  der  Abbrandbeschleunigung  und 
Anwendbarkeit  in  hochgefullten  Composittreibstoffen  zu  untersuchen. 

2.  Ferrocenderivate 

Die  in  dieser  Arbeit  untersuchten  Ferrocenderivate  wurden  ausgewahit  auf  Grund 
ihrer  strukturellen  Integrierbarkeit  und  Mischbarkeit  mit  den  Binderkomponenten  ei- 
nes  Composittreibstoffs  auf  der  Basis  von  Ammoniumperchlorat,  Aluminium  und 
hydroxyterminiertem  Polybutadien  (HTPB)  sowie  auf  Grund  ihrer  leichten  und  preis- 
gunstigen  Herstellbarkeit  aus  kommerziell  in  groBeren  Mengen  verfugbaren  Fer- 
rocenverbindungen.  Alle  untersuchten  Ferrocenderivate  wurden  von  der  Chemische 
Betriebe  Pluto  GmbH  im  LabormaBstab  synthetisiert  und  mittels  GC  bzw.  HPLC  auf 
Reinheit  und  Isomerenverteilung  untersucht.  Das  verwendete  Catocen® 
(„PLUTORAC  EFP“)  enthielt  etwa  3,5  %  Ethylferrocen.  Abbildung  1  zeigt  die  auf 
Grund  ihres  Abbrandverhaltens,  Verarbeitbarkeit  und  mechanischen  Eigenschaften 
der  Treibstoffe  naher  untersuchten  einbindbaren  Ferrocenverbindungen.  Das  ver¬ 
wendete  Ferrocenderivat  B  ist  struktureli  ahniich  aufgebaut  wie  das  literaturbekannte 
Bisferrocenylpentanoi  (7).  Es  verleiht  dem  Treibstoff  hinsichtlich  Verarbeitbarkeit  und 
mechanischer  Struktur  deutlich  bessere  Eigenschaften  als  das  literaturbekannte  De- 
rivat. 

3.  Composit  Raketentreibstoffe 

Der  EinfluB  der  Ferrocenderivate  wurde  in  zwei  Treibstofformulierungen  mit  jeweils 
85  Gew%  Feststoffgehalt  untersucht,  bestehend  aus  70  %  AP,  15  %  Aluminium  und 
15  %  HTPB-Binderanteil  inkl.  Abbrandkatalysator,  Stabilisator,  Haftvermittler  und 
Diisooctyladipat  (DOA)  als  Weichmacher. 

Urn  die  monofunktionell  OH-substituierten  Ferrocenderivate  einzubinden  und  trotz- 
dem  die  Ausbildung  eines  vollstandigen  Bindernetzwerkes  zu  ermoglichen,  wurden 
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Triole  wie  Trimethyioipropan  (TMP)  als  vernetzende  OH-Komponente  Oder  trifunktio- 
nelle  Isocyanate  eingesetzt.  Als  HTPB-Komponenten  wurden  R  45  HT  und  R  45  M 
der  Firma  Atochem  verwendet.  Mit  Isophorondiisocyanat  (IPDI)  als  Harter  wurde  je- 
weils  mit  einem  NCO/OH-Equivalentverhaltnis  von  0,8  -  0,9  gearbeitet. 

Bei  einer  Konzentration  von  jeweils  1,5  Gew%  Ferrocenderivat  kamen  folgende 
Grundrezepturen  zur  Anwendung: 


Treibstoff  I 

Treibstoff  II 

Feststoff: 

85  Gew% 

85  Gew% 

AP  30  jim: 

49% 

28% 

AP  5-7  |im: 

21  % 

42% 

Ai  5  pm: 

15  % 

15  % 

Binder: 

15  Gew% 

1 5  Gew% 

Ferrocenderivat: 

1,5  % 

1,5% 

Irganox: 

0,15  % 

0,19% 

DOA: 

3,0  % 

3,75  % 

R  45  M/HT  ) 

+  HX  878  (Tepanol)  ) 

10.35  % 

9,56% 

+  IPDI  ) 

+  TMP  ) 

Bezugsquellen  und  Funktion  der  Bestandteile  sind  in  Tabelle  1  wiedergegeben. 

4.  Eraebnisse 

4.1  Verarbeitbarkeit,  mechanische  Eigenschaften  und  Empfindlichkeit 

Der  EinfluB  von  OH-funktionalisierten  einbindbaren  Ferrocenverbindungen  auf  Ver¬ 
arbeitbarkeit  und  mechanische  Eigenschaften  wurde  im  wesentlichen  mit  Treibstoff- 
system  I  untersucht.  Tabelle  2  zeigt  die  mit  Catocen,  Derivat  B  und  BFDEGE  jeweils 
mit  R  45  HT  und  R  45  M  erhaltenen  Werte. 

Die  Viskositaten  wurden  mit  einem  Brookfield  Spindel  Viskosimeter  gemessen.  Sie 
sind  als  auf  die  MeBmethodik  bezogene  Vergleichswerte  zu  betrachten. 
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Schlagempfindlichkeiten  wurden  mit  dem  BAM- Hammer,  Reibempfindlichkeiten  mit 
dem  BAM’schen  ReibempfindlichkeitsmeBgerat  gemessen.  Zur  Bestimmung  der 
mechanischen  Eigenschaften  wurde  eine  Instron-Maschine  mit  uniaxialem  Zug  ver- 
wendet.  Die  Werte  fur  Zugfestigkeit,  Bruchdehnung  und  Elastizitatsmodul  wurden  bei 
20  °C  und  einer  Zuggeschwindigkeit  von  50  mm/min  gemessen. 

Mit  Ausnahme  von  Treibstoff  Nr.  1067  weisen  alle  Formulierungen  gute  GieBviskosi- 
taten  und  Verlaufseigenschaften  auf.  Bei  der  Verwendung  von  R  45  HT  sind  allge- 
mein  die  GieBviskositaten  besser,  die  mechanischen  Eigenschaften  aber  ungunsti- 
ger  als  bei  der  Verwendung  von  R  45  M.  Auffallig  ist,  da3  die  Treibstoffe  mit  dem 
einbindbaren  Derivat  B  trotz  des  Zusatzes  von  Trimethylolpropan  kleinere  GielBvis- 
kositaten  und  bessere  mechanische  Eigenschaften  als  die  gleichartigen  Catocen- 
haltigen  Formulierungen  zeigen. 

Treibstoff  Nr.  1067  mit  1,5  %  BFDEGE  war  nach  Harterzugabe  nicht  gieBfahig.  Das 
als  Harter  verwendete  trifunktionelle  Isocyanat  N  3400  ist  als  HDI-Abkommiing  fur 
die  Limsetzung  mit  HTPB  zu  reaktiv.  urn  den  Treibstoffsiurry  in  ausreichendem  MaBe 
flieBfahig  zu  halten.  Nach  den  mechanischen  Eigenschaften  sind  die  Treibstoffe  mit 
Derivat  B  und  BFDEGE  gunstig  eingestellt.  Das  Netzwerk  des  polymeren  Binders 
erscheint  ausgebiidet. 

Die  Reib-  und  Schlagempfindlichkeiten  der  Treibstoffe  mit  1,5  %  Ferrocengehalt  sind 
in  etwa  gleich  und  entsprechen  der  Treibstofformulierung  ohne  Abbrandkatalysator. 
Nur  die  Formulierung  mit  3  %  Catocen  scheint  empfindlicher  zu  sein. 

4.2  Abbrandverhalten 

Die  Abbrandeigenschaften  aller  Formulierungen  wurden  in  der  Crawford-Bombe  im 
Druckbereich  von  2  -  25  MPa  bei  20  °C  gemessen.  Die  Abbrandgeschwindigkeiten 
wurden  an  Strands  mit  quadratischer  Querschnittsflache  und  einer  Lange  von  50  mm 
und  100  mm  gemessen.  Tabelle  3  zeigt  die  Werte  der  Abbrandgeschwindigkeiten 
bei  2  MPa  und  10  MPa  und  die  sich  im  gesamten  Druckbereich  nach  dem  Vieille- 
schen  Gesetz  ergebenen  Druckexponenten. 
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Abbildung  2  zeigt  die  logarithmische  Auftragung  der  Abbrandgeschwindigkeit  uber 
den  Druck  von  Treibstoffsystem  I  ohne  sowie  mit  1,5  %  und  3  %  Catocen.  Die  Wir- 
kung  des  Ferrocenkatalysators  kommt  dabei  gut  heraus.  Bei  niederem  Druck  werden 
die  Abbrandgeschwindigkeiten  signifikant  erhoht,  der  Druckexponent  jedoch  gesenkt. 
insgesamt  bewirkt  die  Ferrocenverbindung  eine  deutliche  Verbesserung  des  Ab- 
brandverhaitens  in  Bezug  auf  anwendungstechnische  Anforderungen. 

In  Abbildung  3  ist  das  Abbrandverhalten  des  Treibstofftyps  I  mit  den  einbindbaren 
Ferrocenverbindungen  Derivat  B  und  BFDEGE  im  Vergleich  zu  den  Formulierungen 
mit  Catocen  und  ohne  Abbrandkatalysator  dargestellt.  Die  beiden  neuen  einbindba¬ 
ren  Verbindungen  zeigen  im  Vergleich  zu  Catocen  gleichwertige  und  im  Falle  des 
Derivat  B  sogar  verbesserte  Wirksamkeit.  Bezieht  man  die  Erhohung  der  Abbrand¬ 
geschwindigkeit  auf  den  Eisengehalt  im  Treibstoff,  sind  beide  einbindbaren  Ferroce¬ 
ne  deutlich  wirksamer  ais  Catocen. 

Abbildung  4  stellt  das  Abbrandverhalten  von  Treibstofftyp  2  mit  jeweils  1,5  % 
Catocen,  BFDEGE,  FMHPE  und  Derivat  B  dem  Abbrandverhalten  des  Treibstoffs 
ohne  Katalysator  gegenuber.  Durch  den  hoheren  Anteii  des  feinkornigen  AP  sind  die 
Effekte  in  Bezug  auf  Erhohung  der  Abbrandgeschwindigkeit  und  Senkung  des 
Druckexponenten  noch  ausgepragter.  Gegenuber  den  FMHPE-  und  Derivat  B- 
haitigen  Treibstoffen  fallt  die  Erhohung  der  Abbrandgeschwindigkeiten  durch  BFDE¬ 
GE  in  diesem  Fail  geringer  aus.  Der  Druckexponent  ist  jedoch  deutlich  reduziert,  das 
Abbrandverhalten  erscheint  gut  eingestellt. 

Derivat  B  und  FMHPE  zeigen  zusammen  mit  Catocen  die  hochsten  Wirksamkeiten. 
Ab  4  MPa  fallen  die  nach  dem  Vieiileschen  Gesetz  gefitteten  Funktionen  der  Treib- 
stoffe  mit  FMHPE  und  Catocen  praktisch  Cibereinander.  Bezieht  man  die  Erhohung 
der  Abbrandgeschwindigkeiten  auf  den  Eisengehalt,  besitzen  beide  Verbindungen 
auch  gegenuber  dem  traditionell  verwendeten  Ferrocenkatalysator  hohere  Effektivi- 
tat. 
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5.  Diskussion 


Aus  den  Ergebnissen  ergeben  sich  verschiedene  Ansatzpunkte  fur  die  Diskussion: 

1.  Die  unterschiedliche  Wirksamkeit  der  Abbrandkatalysatoren  ist  wahrscheiniich 
auf  molekulardynamische,  strukturelle  sowie  elektronische  Unterschiede  der  Fer- 
rocenverbindungen  zuruckzufuhren.  Ebenso  durfte  die  Integration  der  Kompo- 
nente  in  das  Netzwerk  des  polymeren  Binders  von  Bedeutung  sein. 

Wie  B6hnlein-Mau3  et.al.  (1,2)  zeigen  konnten,  sind  sterisch  gehinderte  Fer¬ 
rocene  zwar  weniger  migrationsfahig,  aber  in  Bezug  auf  Erhdhung  der  Abbrand- 
geschwindigkeit  weniger  wirksam.  Dies  trifft  u.U.  auch  fur  die  geringere  Wirk¬ 
samkeit  des  n-butylsubstituierten  BFDEGE  zu.  Gleichwohl  durften  elektronische 
Faktoren  eine  Rolle  spielen,  da  BFDEGE  als  estercarbonylsubstituiertes  Fer- 
rocen  ein  hdheres  Oxidationspotential  besitzt  als  Derivat  B  und  FMHPE. 

2.  Deutliche  Unterschiede  gibt  es  bei  den  einbindbaren  Ferrocenderivaten  in  Bezug 
auf  Beeintrachtigung  der  Verarbeitbarkeit  des  Treibstoffsiurries  und  Netzwerk- 
integration.  BFDEGE-  und  FMHPE-haitige  Treibstoffe  sind  vermutlich  durch  die 
Haufung  polarer  Gruppen  am  Ferrocen  und  deren  Komplexbildungstendenz  mit 
vernetzenden  Triolen  und  Urethangruppierungen  schwer  zu  verarbeiten. 

Derivat  B  zeigt  diese  Nachteiie  nicht.  Treibstoffe  mit  1 ,5  Gew%  Derivat  B  sind  mit 
TMP  sowohi  mit  R  45  HT  als  auch  R  45  M  gieBfahig  und  besitzen  nach  Aushar- 
tung  gute  mechanische  Eigenschaften. 

3.  Ober  die  Anwendbarkeit  einer  Ferrocenverbindung  warden  das  gesamte  Eigen- 
schaftsprofil  der  Treibstofformulierung  ebenso  wie  Preis  und  Verfugbarkeit  der 
Komponente  entscheiden. 

Die  Auswahl  der  getesteten  Verbindungen  wurde  deshalb  von  der  Chemische 
Betriebe  Pluto  GmbH  vor  dem  Hintergrund  einer  preisgunstigen  und  gut  aufska- 
lierbaren  Synthese  vorgenommen. 

Alle  vorgesteilten  Ferrocenderivate  lessen  sich  ohne  Schwierigkeiten  auch  in 
groBeren  Mengen  herstellen. 
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Fur  den  HTPB-Treibstoff  erfullt  derzeit  das  Derivat  B  alle  wesentlichen  Forderungen 
wie: 

*  gute  Einarbeitbarkeit  ohne  Beeintrachtigung  der  GieBviskositat  des  Treibstoff- 
slurries, 

*  gute  Netzwerkbildung  unter  Beifugung  eines  vernetzenden  Triols, 

*  keine  Beeintrachtigung  der  mechanischen  Treibstoffempfindlichkeit  und  Stabili- 
tat, 

*  hohe  Wirksamkeit  in  Bezug  auf  Steigerung  der  Abbrandgeschwindigkeit  und 
Senkung  des  Druckexponenten. 

BFDEGE  und  FMHPE  sind  in  HTPB-Treibstoffen  weniger  gut,  d.h.  nur  mit  anderen 
noch  zu  definierenden  Hartern  und  Netzwerkbildnern  problemlos  zu  verarbeiten. 
Sehr  gute  Verwendungsmoglichkeiten  bestehen  jedoch  fur  Rakete^-  Oder  Gasgene- 
ratortreibstoffe  mit  Polyether-  Oder  Polyesterurethanbindern  (8). 

6.  Zusammenfassunq 

in  zwei  AP,  Al,  HTPB-Compositformulierungen  mit  jeweils  85  Gew%  Feststoffgehalt 
zeigt  das  einbindbare  Derivat  B  bis  zu  einer  Konzentration  von  1 ,5  Gew%  in  Bezug 
auf  Erhohung  der  Abbrandgeschwindigkeit.  Verarbeitbarkeit,  mechanische  Eigen- 
schaften  und  Empfindlichkeit  des  Treibstoffs  gute  Ergebnisse.  Mit  dem  Zusatz  von 
TMP  geiingt  eine  gute  Netzwerkbildung  unter  Einbindung  des  Ferrocens,  die  dessen 
Migration  verhindert.  Die  Erhohung  der  Abbrandgeschwindigkeit  entspricht  und 
ubersteigt  teiiweise  die  Wirkung  des  Catocens. 

Die  beiden  uber  Ether-  und  Estergruppen  funktionalisierten  Ferrocene  FMHPE  und 
BFDEGE  sind  im  HTPB-Treibstoff  deutlich  schwerer  zu  verarbeiten.  FMHPE  ist  in 
der  Erhdhung  der  Abbrandgeschwindigkeit  ebenso  wirksam  wie  Catocen,  BFDEGE 
liefert  ein  insgesamt  sehr  gut  eingestelltes  Abbrandverhalten.  Beide  Verbindungen 
empfehlen  sich  fur  den  Einsatz  in  Raketen-  Oder  Gasgeneratortreibstoffen  mit 
Polyether-  Oder  Polyesterurethanbindern. 
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Tabelle  1 :  Treibstoffkomponenten 


Bezeichnung 

Funktion 

Hersteller 

R  45  HT/M 

HTPB-Precursorpoiymer 

Atochem 

HX  878  (Tepanol) 

Haftvermittler 

3M 

Irganox  565 

Antioxidanz 

Ciba  Geigy 

TMP 

OH-Vernetzer 

Aldrich 

IPDI 

Isophorondiisocyanat- 

Harter 

Huls  AG 

N  3400 

Triisocyanat-Harter 

Bayer  AG 

DOA 

Plastifizierer 

BASF  AG 

AP  30  (im 

Oxidator 

Mitsubishi 

AP  5-7  pm 

Oxidator 

Kerr  McGee 

Al  Alcan  400 


Brennstoff 


Alcan  Toyo 


Tabelle  2:  Empfindlichkeit,  Verarbeitungs-  und  mechanische  Eigenschaften 


Tabelle  3:  Abbrandgeschwindigkeiten  und  Druckexponenten  bei  20  °C 


n-Butylferrocencarbonsaurediethylengiycolester  =  BFDEGE 


Fe  -  Fe 


2,2’-Bis(eihyiferrocenyi)propan  =  Catocen 


Fe 


Ferrocenylmethyi-(2-hydroxypropyl)ether  =  FMHPE 


Abbildung  1: 

Moiekiilstrukturen  der  untersuchten  Ferrocenverbindungen 


5: 


Si 


Druck  p  (MPa) 


Abbildung  2: 

Abbranddiagramm  Igr  =  f  (igp)  von  Treibstofftyp  I  ohne  und  mit  Catocen  Abbrand- 
modifikator 


I 


Abbrandgeschwindigkeit  r  (mm/s) 


Druck  p  (MPa) 


Abbildung  4: 

Abbranddiagramm  Igr  =  f  (Igp)  von  Treibstofftyp  II  mit  jeweils  1,5  %  Catocen  und 
einbindbaren  Ferrocenderivaten 
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Herstellung  von  Explosivstoffpartikein  durch 
schnelle  Expansion  fluider  uberkritischer 

Losungen 

Particle  Formation  of  Explosives  by  Rapid 
Expansion  of  Supercritical  Solutions 


U.Teipel,  P.  Gerber,  H.  Krause 


Fraunhofer  -  Institut  fur  Chemische  Technologie  (ICT) 
Postfach  1240,  D  -  76318  Pfinztal,  Germany 


Abstract 


Bei  der  Formulierung  von  Explosivstoffen  kommt  den  Partikeleigenschaften,  wie  z.B. 
der  PartikelgrdBe,  der  Partikelgrdlienverteilung  und  der  Partikelform  eine  besondere 
Bedeutung  zu.  In  dem  vorliegenden  Beitrag  wird  ein  neues  Verfahren  zur  Herstellung 
von  Partikeln  aus  uberkritischen  Losungen  vorgestellt.  Bei  diesem  Verfahren  wird  in 
einem  ersten  Schritt  Explosivstoff  durch  uberkritisches  COj  extrahiert.  Anschlieliend 
wird  das  beladene  Fluid  uber  eine  Duse  entspannt.  Durch  den  Entspannungsvor- 
gang  sinkt  die  Lbslichkeit  des  Explosivstoffes  im  Fluid,  wodurch  der  Explosivstoff 
nach  der  Entspannung  als  Partikel  vorliegt. 

In  diesem  Beitrag  wird  das  Verfahren  zur  Herstellung  von  Explosivstoffpartikein 
durch  schnelle  Expansion  fluider  Uberkritischer  Losungen  naher  beschrieben  und 
erste  Ergebnisse  vorgestellt. 
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1.  Einleitung 


Fur  die  Beurteilung  von  Explosivstoffen  sind  Aussagen  uber  deren  Stability  und 
Empfindlichkeit  von  Interesse.  Die  Empfindlichkeit  eines  Explosivstoffes  gibt  die 
Sensibilitat  gegen  Warme  und  mechanische  Einwirkungen  wie  Schlag,  StoB  und 
Reibung  an.  Um  mbglichst  unempfindliche  kristalline  Explosivstoffe  zu  erhalten,  wind 
ein  neues  Verfahren  konzipiert,  bei  welchem  die  Kristalle  mbglichst  wenig  Kristallfeh- 
ler  in  Form  von  EinschlCissen  und  Fehlstellen  aufweisen. 

Ziel  des  konzipierten  Prozesses  ist  es,  Partikel  mit  kleinem  mittleren  Durchmesser 
(x  <  10  pm)  und  einer  engen  PartikelgrbBenverteilung  herzustellen.  Die  durch  den 
ProzeB  gewonnenen  Partikel  weisen  hierbei  eine  enge  PartikelgrbSenverteilung  auf. 
Erste  Vorversuche  zu  diesem  ProzeB  im  LabormaBstab  /I/  bestatigen  diese  Erwar- 
tungen.  Durch  Variation  verschiedener  ProzeUparameter  wird  die  PartikelgrbSe  so- 
wie  die  PartikelgrblJenverteilung  beeinfluBt. 


Das  fur  diesen  ProzeS  eingesetzte  Lbsungsmittel  muB  bestimmte  Bedingungen  erful- 
len,  welche  naher  erbrtert  werden.  Auf  den  Einsatz  von  klassischen  Lbsungsmittein 
kann  je  nach  Verfahrensvariante  verzichtet  werden.  Um  den  Einsatz  von  Lbsungs¬ 
mittel  zu  minimieren,  wird  bei  diesem  Verfahren  das  uberkritische  Lbsungsmittel  im 
Kreislauf  gefahren. 

Die  Lbsungsmitteleigenschaften  Ciberkritischer  Fluide  wurde  schon  1879  durch  Han- 
nay  und  Hogarth  121  festgestellt.  Sie  beobachteten,  dali  sich  ein  Feststoff  ohne  meS- 
baren  Dampfdruck  in  einem  Jas  Ibst,  wenn  der  Druck  des  Gases  uber  den  kritischen 
Druck  erhbht  wird.  Reduziert  man  den  Druck,  fallt  der  zuvor  gelbste  Feststoff  kri- 
staflin  aus.  /3,  4,  5/ 
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2.  Grundlaqen 

2  1  Eiqenschaften  iiberkritischer  Fluide 

Wird  ein  Gas  Oder  eine  Flussigkeit  uber  den  kritischen  Druck  komprimiert,  bzw. 
uber  die  kritische  Temperatur  erhitzt,  so  befindet  sich  das  Fluid  im  uberkritischen 
Zustand.  FUr  Kohlendioxid  ist  in  Abbildung  1  die  Existenzbereiche  der  verschiede- 
nen,  von  Druck  und  Temperatur  abhangigen,  Aggregatzustande  dargestellt. 


Abb.  1:  p,T  -  Phasendiagramm  fur  CO2  /6/ 

Ein  Vergleich  der  physikalischen  Eigenschaften  von  Gasen,  verdichteten  Gasen  und 
Fiussigkeiten  zeigt  Tabeile  1.  Trotz  der  im  Vergleich  zu  Fliissigkeiten  nur  geringfugig 
niedrigeren  Dichte  (p)  verdichteter  Gase  entspricht  die  dynamische  Viskositat  (t|) 
dem  Wert  von  Gasen  bei  1  bar  und  S  =  25  °C.  Der  Diffusionskoeffizient  (D  )  eines 
verdichteten  Gases  ist  in  der  Nahe  des  kritischen  Punktes  urn  mehr  als  das  Zehnfa- 
che  hoher  als  der  einer  Flussigkeit. 
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Eine  besondere  Eigenschaft  verdichtete  Gase,  ist  ihr  schnelles  Massentransportver- 
halten.  Sie  eignen  sich  daher  prinzipiell  besser,  im  Vergleich  zu  klassischen  Lo- 
sungsmitteln  dazu,  in  das  zu  extrahierende  Tragermaterial  einzudringen,  die  losli- 
chen  Bestandteile  aufzunehmen  und  weiterzutransportieren.  Das  verdichtete  Gas  als 
Losungsmittel  muB  jedoch  eine  genugend  hohe  Losungskapazitat  fur  den  zu  Idsen- 
den  Stoff  aufweisen.  Die  Loslichkeit  eines  Feststoffes  in  einem  Losungsmittel  hangt 
von  Druck  und  Temperatur  und  somit  von  der  Dichte  des  Losungsmittels  ab.  Im  Be- 
reich  des  kritischen  Punktes  ist  die  Dichteanderung  schon  bei  geringer  Variation  von 
Temperatur  und  Druck  besonders  groB, 


P 

[kg/m^] 

[Pas  •  10^] 

D* 

[m^/s] 

Gase  bei  1  bar, 

S  =  25  °C 

0,6 -2,0 

0,01  -0,03 

1-4  -  10'^ 

Liberkritische  p^ 

200  -  500 

0,01  -0,03 

7  •  10‘“ 

Fluide  T^,  4  •  p^ 

400  -  900 

0,03-0,06 

O) 

Flussigkeiten 

bei  5  =  25  °C 

600-  1600 

0,2 -3,0 

0,2-2  •  10‘® 

I 


*  Selbstdiffusion  fur  Gase  und  verdichtete  Gase,  binSre  Mischungen  fur  Flussigkeiten 

Tab.  1:  GrdBenordnungsvergleich  physikalischer  Daten  von  Gasen,  verdichteten 
Gasen  und  Flussigkeiten  111 

Durch  Zusatz  einer  Komponente  mittlerer  Fluchtigkeit,  zwischen  Gas  als  Ldsungsmit- 
tel  einerseits  und  kondensierter  bzw.  fester  Phase  andererseits,  eines  sogenannten 
Schleppmittels,  kann  die  Losungskapazitat  des  verdichteten  Gas  wesentlich  erhoht 
werden.  Durch  Temperaturanderung  besteht  z.B.  durch  Ausnutzung  von  Mischungs- 
lucken  die  Moglichkeit  einer  gunstigen  Regeneration  des  Losungsmittels. 
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2.2  Auswahl  des  Losunqsmittels 


Fur  die  Auswahl  eines  geeigneten  Losungsmittels  ist  es  von  Vorteil,  wenn  sich  das 
Ldsungsmittel  durch  niedrige  kritische  Parameter  {Druck,  Temperatur)  auszeichnet. 
Somit  konnen  niedrige  ProzeUrandbedingungen  gewahit  werden.  welche  sich  gun- 
stig  auf  die  ProzeB-  und  Investitionskosten  auswirken.  Desweiteren  sollte  ein  L6- 
sungsmittel  gewahit  werden,  welches  nicht  toxisch  ist  und  mit  Luft  keine  explosions- 
fahigen  Gemische  bildet.  Als  interessantestes  Gas  ist  in  diesem  Zusammenhang 
Kohlendioxid  zu  nennen.  Dieses  Gas  steht  in  grolien  Mengen  zu  giinstigen  Kondi- 
tionen  zur  Verfugung,  die  Bevorratung  grolier  Mengen  in  verflussigter  Form  ist  Stand 
der  Technik. 

Tabelle  2  zeigt  ein  Vergleich  der  kritischen  Temperaturen  und  Drucke  fur  verschie- 
dene  Fluide. 


Fluid 

Tc[“C] 

Pc  [bar] 

n  -  Pentan 

196,5 

33,7 

n  -  Butan 

152,0 

38,0 

Propan 

96,6 

42,5 

Methan 

-82,8 

46,0 

Ethylen 

9,2 

50,4 

Kohlendioxid 

30,9 

73,7 

Distickstoffoxid 

36,4 

72,4 

Methanol 

239,4 

80,9 

Ammoniak 

132,3 

113,5 

Wasser 

374,1 

221,2 

Tab.  2:  Physikalische  Daten  verschiedener  zur  Extraktion  geeigneter  Gase  /1 ,8/ 


Chemische  Formel 

CO, 

Moiare  masse  Mco2  =  22,263 

kg  /  kmol 

Molares  Normvolumen 

=  22,263 

m"*  /  kmol 

Kritische  Temperatur 

T^  =  304,1 

K 

r\ritiscner  urucK  =  73  7 

bar 

Kritische  Dichte  =  467,6 

kg  /  m"" 

Iripelpunkt 

=  -56,6 

■"c 

Pt,  =  5,18 

bar 

Sublimationspunkt 

Ts  =  -78,9  , 

"c 

(Trockeneis) 

bei  pg  =  0,981 

1  _ _ n  " — ^ 

bar 

ab  ca  1200  °C,  bei  einem  Zersetzungsgrad  v 
ca.  0,032  Vol  % 


Tab-  3:  Eigenschaften  von  Kohlendioxid,  /6,  8/ 

Tabelle  4  zeigt  den  EinfluG  von  Druck  und  Temperatur  auf  die  Dichte  von  Kohlendi- 
oxid  /6/.  Tabelle  4  zeigt  fur  den  ProzeG  zur  Herstellung  von  Partikein  typische  Tem¬ 
peratur-  und  Druckwerte.  Innerhalb  des  Prozesses  variiert  die  Dichte  von  CO  urn 
fast  zwei  Dekaden. 


TrC] 

P  [bar] 

10 

20 

40 

50 

1 

1,88 

1,82 

1,70 

1,64 

40 

108,32 

r97,51 

83,77 

78,87 

50 

870,49 

140,53 

113,02 

104,80 

300 

1020,70 

985,35 

910,50 

870,90 

Dichte  von  Kohlendioxid  [kg/m^]  in  Abhangigkeit  von  Druck  und  Temperatur 
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Es  ist  von  Vorteil,  wenn  das  Ldsungsmittel  ausreichende  Losungsmitteleigenschaf- 
ten  gegenuber  dem  Feststoff  aufweist,  sodaG.  auf  den  Einsatz  von  Schleppmittein 
verzichtet  werden  kann.  Fur  die  in  diesem  Beitrag  vorgestellten  Versuche  wurde  das 
Dummy-Material  Naphthalin  ausgewahit.  Im  Vergfeich  zu  einem  Explosivstoff  besitzt 
Naphthalin  ahniiche  physikalische  Eigenschaften  bezuglich  der  Dichte  und  der  Lage 
des  Schmelzpunktes.  AuBerdem  weist  Naphthalin  eine  ausreichende  Lbslichkeit  in 
Kohlendioxid  auf.  Wie  Abbildung  2  zeigt,  laSt  sich  durch  Variation  von  Druck  und 
Temperatur  die  Konzentration  von  gelostem  Naphthalin  urn  zwei  Dekaden  variieren. 


0  10  20  30  40  50 

Temperatur  [°C] 


Abb.  2:  Lbslichkeit  von  Naphthalin  In  CO2  /9/ 

Naphthalin  bildet  farblose,  monokline  Kristalle.  Es  ist  bei  Normaldruck  und  -tempera¬ 
tur  leicht  Ibslich  in  Benzol,  Ather  und  Chloroform,  Ibslich  in  Ethanol  und  praktisch 
unibslich  in  Wasser.  Tabelle  5  zeigt  weitere  Eigenschaften  von  Naphthalin. 


Chemische  Formel 

Molare  Masse 

128,18 

kg  /  kmol 

Schmelzpunkt 

80,29 

°C 

Dichte  (25  °C,  1  bar) 

1,17 

kg  /  m'^ 

kritische  Temperatur 

475 

°C 

spezifische  Warme  bei  25 

1294 

Dampfdruck  bei  70  °C 

5,25 

mbar 

Tab.  5:  Eigenschaften  von  Naphthalin  /10/ 


Die  Stromung  laSt  sich  in  zwei  unterschiedliche  Bereiche  aufteilen,  in  eine  adiabate 
Dusenstromung  und  eine  isentrope  Freistrahlexpansion  im  Uberschallbereich. 
Als  Duse  wurde  die  in  Abbildung  3  dargestellte  Expansionsduse  eingesetzt.  Die  Du¬ 
se  ist  1,5  mm  lang,  der  Durchmesser  des  engsten  Querschnittes  betragt  100  pm. 


XO  XI  X2  X3 

- - -  X 


Abb.  3:  Expansionsduse 
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Vor  dem  Eintritt  in  die  Duse,  befindet  sich  die  Losung  im  uberkritischen  Zustand. 
Nach  der  Duse  liegt  das  CO2  gasfbrmig  vor;  der  zuvor  gelbste  Feststoff  liegt  in  kri- 
stalliner  Form  vor.  Fur  die  im  folgende  betrachtete  Stromung  werden  vom  Dusenan- 
fang  stromabwarts  folgende  Annahmen  getroffen: 

-  Druck  und  Temperatur  andern  sich  nur  in  x-Richtung,  die  Stromung  wird  nahe- 
rungsweise  als  eindimensionale  Stromung  betrachtet. 

-  Die  Expansion  in  der  Duse  erfolgt  aufgrund  der  kurzen  Aufenthaltszeit  adiaba- 
tisch. 

-  Der  Druckunterschied  in  der  Duse  ist  ausreichend  groB,  urn  das  Fluid  im  engsten 
Querschnitt  auf  Schallgeschwindigkeit  zu  beschleunigen. 

-  Die  Stromung  ist  stationar. 

Fur  die  Stromung  im  Bereich  Xq  <  X4  gelten  folgende  differentielle  Erhaltungssatze: 


dp  dw  dA  . 

-  Massenerhaltung:  —  +  —  +  “  =  0 

p  w  A 


(0 


-  Energieerhaltung; 


d 


u  +  pv  + 


=  0 


(2) 


mit  u  +  pv  =  h  gilt: 


(3) 


(4) 

(5) 

(6) 


Da  sich  Kohlendioxid  im  vorliegenden  Druck-  und  Temperaturbereich  wie  ein  reales 
Gas  verhalt,  gilt  fur  die  Enthalpie;  H=H(T,p) 


54 


10 


Im  Bereich  Xq  <  x  <  X2  gilt: 


-  Impulserhaltung  allgemein; 


wdw  =  -  —  dp 
P 


p  wAw,  -  p  wAwo  =  p,A,  - +  JpdA 


-  Impulserhaltung  innerhalb  der  Duse: 


-Adp  +  x  dA,^  =  mdw 


Der  turbulente  Verlustbeiwert  kann  in  Abhangigkeit  der  Reynoldszahl  und  der 
Wandrauhigkeit  bestimmt  werden. 

Im  Bereich  Xj  <  x  <  X4  kann  die  Strdmung  als  isentrop  angesehen  werden.  Nach 
dem  engsten  Querschnitt  in  der  Duse  bei  x=X2  (M=1).  findet  eine  Freistrahlexpansion 
im  Oberschallbereich  statt,  bis  daB  bei  x  >  X4  sich  die  ZustandsgroBen  aufgrund  ei- 
nes  VerdichtungsstoSes  unstetig  andern. 
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4.  HerstellungsprozeR 


Bei  der  Herstellung  von  Partikein  mit  Hilfe  uberkritischer  Fluide  sind  zwei  verschie- 
dene  Verfahrensvarianten  zu  unterscheiden: 

-  RESS  -  ProzeS  (Rapid  Expansion  of  Supercritical  Solutions) 

Die  uberkritische  Losung  wird  mittels  einer  Duse  entspannt.  Durch  die  Verminde- 
rung  der  Parameter  Druck  und  Temperatur  durch  den  Entspannungsvorgang  sinkt 
das  Losevermogen  des  Fluides  stark  herab,  der  zuvor  geloste  Feststoff  liegt  nach 
der  Entspannung  in  kristailiner  Form  vor. 

-  GAS  -  ProzeS  (Gas  Anti  -  Solvent  process) 

Bei  diesem  ProzeB  wird  der  Feststoff  durch  ein  klassisches  Ldsungsmittel  gelbst. 
Die  Zugabe  eines  uberkritischen  Fluides,  welches  sich  im  Losungsmittel  lost,  be- 
wirkt  eine  volumetrische  Expansion  des  Losemittels.  Durch  das  vergrdfierte  spezi- 
fische  Volumen  des  Ldsungsmittels,  sinkt  die  Ldslichkeit  des  Feststoffes  im  Ldse- 
mittel,  wodurch  der  geloste  Feststoff  auskristallisiert. 

Der  wesentliche  Vorteil  des  RESS  -  ProzeR  gegenuber  dem  GAS  -  ProzeS  ist,  daS 
keine  klassischen  Ldsungsmittel  fur  diesen  ProzelS  eingesetzt  werden.  Hierdurch 
werden  Kristallfehler  durch  Ldsungsmitteleinschlusse  vermieden.  Andererseits  kann 
der  GAS  -  Prozeli  vorteilhaft  eingesetzt  werden,  wenn  keine  Ldslichkeit  des  festen 
Explosivstoffes  im  uberkritischen  Fluid  vorliegt. 

In  den  weiteren  Ausfuhrungen  wird  ausschlieBlich  der  RESS  -  ProzeB  vorgestellt,  da 
er  neben  den  genannten  Vorteilen,  durch  die  gezielte  Strdmungsfuhrung  in  der  Du¬ 
se,  eine  engere  PartikelgrdBenverteilung  als  beim  GAS-ProzeB  en/varten  laBt. 

Abbildung  4  zeigt  die  Hochdruck-Extraktion-Kristallisationsanlage.  Diese  Pilotanlage 
ist  fur  einen  maximalen  Betriebsdruck  von  300  bar  und  eine  maximale  Betriebstem- 
peratur  von  200  °C  ausgelegt. 


Abb.  4:  Hochdruckpilotanlage 


Beim  RESS  -  ProzeB  wird  flussiges,  bzw.  gasformiges  CO2  aus  einer  Vorratsflasche 
in  die  Aniage  eingespeist,  im  Warmetauscher  (W3)  kondensiert  und  im  Flussigkeits- 
speicher  (LS)  zwischengespeichert.  Nach  der  Bestimmung  des  Massenstromes  wird 
das  Ldsemittel  zur  Vermeidung  von  Kavitation  im  Warmetauscher  (W4)  unterkuhlt 
und  anschlielSend  mit  der  Fiussigkeitspumpe  (P1)  auf  den  Extraktionsdruck  verdich- 
tet.  Im  Warmetauscher  (W1)  wird  das  Fluid  auf  die  gewunschte  Extraktionstempera- 
tur  erhitzt,  so  daS  ein  uberkritischer  Zustand  erreicht  wird.  Im  Extraktor  (B1)  wird  der 
zu  losende  Stoff  extrahiert.  Die  beladene  fluide  Ldsung  wird  mittels  einer  elektri- 
schen  Fleizung  (El)  auf  eine  hdhere  Temperatur  erwarmt  und  anschlieBend  uber  eine 
Duse  in  die  Kolonne  (B3)  entspannt.  Der  zuvor  geldste  Feststoff  kristallisiert  aus,  und 
liegt  in  der  Form  von  Feststoffpartikeln  vor.  Diese  Partikel  verbieiben  in  der  Kolonne, 
wahrend  das  CO2  gasfdrmig  abgezogen  wird.  Im  Seperator  (B2)  wird  das  Ld- 
sungsmittel  nochmals  entspannt,  sodaB  noch  eventuell  geloster  Feststoff  ausfallt. 
Damit  das  Losungsmittel  im  Kreislauf  gefordert  werden  kann,  wird  das  noch  gasfdr- 
mige  CO2  wird  im  Warmetauscher  (W3)  kondensiert. 
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Abbildung  6  zeigt  den  Verlauf  des  idealen  RESS  -  Prozesses  fur  unbeladenes  Koh- 
lendioxid  in  ein  p  -  h  Diagramm.  Bei  dem  realen  Prozeli  sind  jedoch  Reibungs-  und 
Druckverluste,  sowie  Verluste  durch  Warmestrahlung  zu  berCicksichtigen.  Da  die 
Entspannung  in  der  Duse  nicht  Liber  Gleichgewichtszustande  erfolgt,  wird  diese  Zu- 
standsanderung  durch  eine  gestrichelte  Linie  gekennzeichnet. 


Enthalpie  h  [kg/kJ] 


Abb.  6:  Schematische  Darstellung  des  RESS  -  Prozesses  im  p  -  h  Diagramm 


Der  ideale  RESS  -  ProzeS  laflt  sich  durch  folgende  Zustandsanderungen  beschreiben: 


1  -  2  isentrope  Kompression 

2  -  3  isobare  Warmezufuhrung 

3  -  4  isobare  Warmezufuhrung 

4  -  5  irreversible  Entspannung  in  der  Duse 

5-6  isenthaipe  Expansion  im  Separator 


6-7  isobare  Kondensation 

7  -  1  isobare  Unterkuhlung 

3  -  Zustand  im  Extraktor  B1 

8  -  Zustand  der  Kolonne  B3 
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Zur  Charakterisierung  des  RESS-Prozeses  wurden  vor  der  Herstellung  von  Explo- 
sivstoffpartikeln,  Versuche  mit  Dummy-Material  durchgefuhrt.  Als  Versuchsmaterial 
wurde  Naphthalin  gewahit.  Mit  diesem  Dummy-Material,  von  welchem  die  Loslichkeit 
in  CO2  bekannt  ist,  wurde  zur  Charakterisierung  des  RESS-Prozesses  Parameter- 
studien  durchgefuhrt. 

Folgende  EinfluUparameter  sind  beim  RESS-ProzeR  von  besonderer  Bedeutung:  p, 

# 

T.  mco2.  Dusendurchmesser  d  sowie  die  Dusengeometrie.  Die  ZielgroRe  dieses 
Prozesses  ist  die  PartikelgrdRe  bzw.  die  PartikelgroBenverteilung.  Die  Bestimmung 
der  PartikelgroRenverteilung  erfoigt  nach  dem  Prinzip  der  Laserbeugungsspektrome- 
trie.  Beispielhaft  ist  in  Abbildung  7  die  PartikelgrdBenverteilung  von  Naphthalinparli- 
kel,  mit  folgenden  Herstellungsparametern  dargestellt: 

-  Dusendurchmesser,  d  =  100  pm  -  Temperatur  der  Kolonne  Tkoi.  =  45  °C 

-  Massenstrom  CO2,  m  =  6,5  kg/h  -  Extraktionsdruck  Pextr.  =  220  bar 

-  Extraktionstemperatur  Texu.  =  45  °C  -  Druck  in  der  Kolonne  Pkoi.  =  20  bar 

-  Temperatur  vor  der  Duse  Tou  =  1 1 0  °C 


Partikeldurchmesser  x  [pm] 


Abb.  7:  Volumensumme  Q3(x)  und  Volumendichteverteilung  q3(x)  von  Naphthalin, 


RESS-ProzeR 


Die  mittlere  Partikelgrolie  X50  3  fur  den  in  Abbildung  7  dargesteliten  Versuch  betragt 
22  fim.  Die  Breite  der  Verteilung  stellt  sich  wie  foigt  dar:  Xio.3  =  11  )im;  X90  3  =  38  |im. 


6.  Zusammenfassung 

Der  vorgestellte  RESS  -  ProzeB  zur  Herstellung  von  Partikein  aus  uberkritischen  Ld- 
sungen  wurde  am  Beispiel  von  Naphthalin  dargestellt.  Beim  vorgestellten  RESS  - 
ProzeB  erfoigt  die  Partikelherstellung  durch  schnelle  Expansion  der  uberkritischen 
Ldsung  mittels  einer  Duse.  Als  Ldsungsmittel  wird  Kohlendioxid  verwendet.  Feststof- 
fe  welche  keine  Loslichkeit  in  Kohlendioxid  autweisen,  iassen  sich  durch  Zugabe  von 
Schleppmittel  ebenfalls  Idsen. 

Grundsatzlich  kdnnen  mit  dem  RESS  -  Prozeli  kleine  Partikel  mit  enger  Partikelgrd- 
Benverteilung  hergestellt  werden  /12,13/.  Die  erzielbare  PartikelgrdBe  und  die  Parti- 
kelgrdSenverteilung  ist  insbesondere  von  der  Geometrie  der  Diise  sowie  vom  Druck 
und  der  Temperatur  vor  und  nach  der  Duse  abhangig.  Desweiteren  hangt  die  Uber- 
sattigung  der  Ldsung  in  der  Duse  von  der  Konzentration  der  uberkritischen  Ldsung 
ab.  Die  Einflusse  dieser  Parameter,  auf  die  PartikelgrdBenverteilung,  soli  in  weiteren 
Versuchen  mit  Explosivstoffen  naher  untersucht  werden. 
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ABSTRACT 


The  succesfull  introduction  and  widespread  application  of  the  airbag  as  a  protection 
system  for  motorists  required  the  development  of  iginition  mixtures  which  on 
combustion  produce  minimal  toxic  gases  (CO,  NOx).  Bayern-Chemie  were  already 
engaged  in  producing  binder  free  ignition  mixtures  in  the  early  seventies.  Because 
there  are  no  organic  compounds  in  the  composition,  there  are  only  a  small  amount 
of  toxic  gases  in  the  reaction  products. 

Two  mixtures  are  used  for  the  airbag  which  differ  from  each  other  mainly  in 
formulation,  heat  of  explosion  and  ballistic  properties.  The  method  of  production  is 
quite  similar  for  both  ignition  mixtures.  After  the  production  of  a  homogeneous 
premix,  there  follows  a  wet  granulation  step  as  the  first  stage  oft  the  granulation 
process.  To  achieve  the  desired  distribution  of  particle  size  the  material  is  passed 
through  a  sieve  and  afterwards  dried.  The  mechanical  stability  of  the  granules  is  due 
to  recrystal isation  of  the  partly  dissolved  potassium  nitrate  during  the  drying  process. 
The  product  shows  a  very  good  rub-off-strength. 

The  results  of  the  following  tests  and  calculations  are  reported:  theoretical  properties 
based  upon  thermodynamic  calculations,  physical,  chemical  and  ballistic  properties, 
impact  and  friction  sensitivity,  aging  characteristics  and  hazard  classification. 
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Einleitung 

Der  Airbag  als  passives  Riickhaltesystem  in  Kombination  mit  dem  Sicherheitsgurt 
hat  seine  Effizienz  in  zahlreichen  Tests  und  Ernstfallsituationen  bewiesen.  So  gilt 
heute  die  Ausstattung  eines  Fahrzeuges  mit  Fahrer-  und  Beifahrerairbag,  Gurt- 
straffer  und  neuerdings  auch  Seitenairbags  als  Standardausrustung  nicht  nur  fur 
Luxuslimousinen. 

Eine  pyrotechnische  Ladung  lost  hierbei  innerhalb  weniger  ms  in  genau  abge- 
stimmter  Weise  die  Entzundung  des  eigentlichen  Treibstoffes  aus.  Wesentlich  dafiir 
ist  der  Energieinhalt,  die  Kornverteilung  und  die  daraus  folgenden  ballistischen 
Kenndaten.  Die  Anhaufung  der  pyrotechnischen  Satze  in  einem  Fahrzeug  machen 
naturlich  eine  genaue  Betrachtung  der  emittierten  Schadstoffe  (CO,  NOx,  Feinstaub 
etc.)  notwendig,  deren  Grenzwerte  immer  wieder  Diskussionsgrundlagen  bieten.  So 
ist  es  auch  fur  kleinere  Baugruppen  sinnvoll,  den  von  ihnen  verursachten  Schad- 
stoffausstoB  zu  minimieren.  Binderhaltige  Anzundmischungen  (AZM)  benotigen  zur 
Ausbildung  eines  stabilen  Granulats  einen  Harzanteil  von  ca.  5  %.  Aufgrund  der 
starken  Sauerstoff-Unterbilanzierung  findet  sich  diese  Komponente  in  Form  von 
Kohlenmonoxid  im  ausstrdmenden  Gas  wieder.  Durch  die  Entwicklung  und  Ferti- 
gung  binderfreier  Anzundmischungen  wurde  dieses  Problem  umgangen.  Die  den- 
noch  hohe  Festigkeit  der  binderlosen  AZM's  wird  durch  die  Ausbildung  einer  stabilen 
Matrix  erzielt,  welche  nach  der  waBrigen  Granulation  wahrend  der  Trockenphase 
durch  die  Rekristallisation  des  gelosten  Kaliumnitrats  entsteht. 


Herstellung 


Das  Herstellungsverfahren  fur  AZM  6  BG  02,  AZM  6  BG  03  und  AZM  7  ist  in  den 
wesentlichen  Schritten  identisch.  Zunachst  werden  die  Rohstoffe,  soweit  sie  nicht 
schon  in  der  gewunschten  KorngroBe  vorliegen,  gemahlen.  Nach  der  Erzeugung  ei¬ 
ner  homogenen  trockenen  Vormischung  erfolgt  der  eigentliche  Granulationsschritt. 
Hierzu  wird  in  die  Granulationseinrichtung  eine  bestimmte  Menge  Wasser  dosiert, 
welche  einen  Teil  des  in  der  Vormischung  enthaltenen  Kaliumnitrat  lost.  Die  Festig¬ 
keit  des  Korns  wird  durch  die  Bildung  einer  stabilen  Matrix  erhalten,  die  durch  die 
Rekristallisation  des  Salzes  bei  der  anschlieBenden  Trocknung  entsteht.  Auftreten- 
des  Uberkorn  (lockere  Agglomerate  des  Produktes  oberhalb  der  gewunschten  Korn¬ 
groBe)  wird  im  Durchreibeverfahren  gebrochen  und  dem  Gutkorn  zugefuhrt.  Ein  Bei- 
spie!  fur  die  Kornverteilung  von  AZM  6  BG  02  und  AZM  7  findet  sich  in  der  Abbildung 
1.  Die  einzelnen  Batches  werden  in  einer  Homogenisiertrommel  zu  einem  Los  ver- 
einigt,  automatisch  abgefullt  und  stehen  nach  einer  umfangreichen  Qualtitatskon- 
trolle  zum  Versand  bereit. 

Die  chemische  Stabilitat  wahrend  der  Feuchtphase  ist  bei  den  Bor/Kaliumnitrat-Mi- 
schungen  kein  Problem.  Allerdings  erfordert  die  Herstellung  der  Anziindmischung  7 
wahrend  der  Feuchtphase  erhohte  Vorsicht  und  schnelles  Arbeiten.  Durch  die  dabei 
gleichzeitige  Anwesenheit  von  Aluminium,  Kaliumnitrat  und  Wasser  lauft  eine  Reak- 
tion  gemaB  nachfolgendem  Schema  ab: 
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3  KNOa  +  8  Al  +  12  H2O  ===>  3  KAIO2  +  5  AI(OH)3  +  3  NHa 

Durch  das  amphotere  Verhalten  von  Aluminium  lost  sich  bekanntlich  der  an  der 
Oberflache  anhaftende  Oxidfilm  und  bietet  fur  Wasser  Angriffsmoglichkeiten.  Die 
fortschreitende  Alkalisierung  der  Mischung  begunstigt  eine  autokatalytisch  be- 
schleunigte  Reaktion,  welche  unter  ungunstigen  Umstanden  zur  Selbstentzundung 
fuhren  kann.  Diese  Verhalten  kann  bis  zu  einem  gewissen  Grade  durch  den  Zusatz 
von  Fettadditiven  verhindert  warden.  Selbstverstandlich  ist  auf  diesen  Umstand  auch 
bei  der  Verwendung  von  AZM  7  zu  achten.  Hierbei  ist  ein  zuverlassiger  Schutz  vor 
Feuchtigkeit  unabdingbar. 


Ballistische  Untersuchungen 


Zur  Beurteilung  der  ballistischen  Eigenschaften  der  bei  der  Bayern-Chemie  herge- 
stellten  Anzundmischungen  wird  eine  standardisierte  Prufbombe  verwendet,  welche 
bei  einer  Einwaage  von  0,5  g  einen  Maximaldruck  von  100  -  150  bar  erzeugt.  Im 
Rahmen  unseres  Qualitatsicherungssystems  aber  auch  bei  Neuentwicklungen  Oder 
Verfahrensuberprufungen  warden  routinemaBig  Prufbombenabbrande  durchgefiihrt. 

Bei  Vergleich  der  Daten  (sh.  ballistische  Kurven  in  der  Abblldung  2)  wird  deutlich, 
daB  die  AZM  7  nicht  nur  einen  urn  rund  1000  J/g  hoheren  Energieinhalt  besitzt,  son- 
dern  auch  eine  deutlich  hohere  Druckanstiegsrate  (dieser  Wert  ergibt  sich  aus  der 
Beziehung:  0,8  x  pmax  /  (0,9  x  pmax  -  0,1  x  pmax),  verbunden  mit  einem  urn  30  bar 
hoheren  Maximaldruck.  Dieses  Verhalten  ergibt  sich  aus  der  erhohten  Reaktivitat 
des  aluminiumhaltigen  Satzes  verbunden  mit  einer  erhohten  Gasausbeute  in  der 
Brennkammer. 


Tabelle  1:  Ballistische  Kenndaten 


- : 

AZM  6  BG  02 

AZM  7 

Zundverzugszeit 

[ms] 

1.9 

1.8 

t20  bar 

[ms] 

1,94 

1,84 

tso  bar 

[ms] 

2,52 

2,15 

tp  max 

[ms] 

6,36 

3,72 

P  max 

[bar]  1 

103 

132 

Druckanstiegsrate 

[bar/m  s] 

29 

91 
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Eigenschaften  von  AZM  6  BG  02  /  AZM  6  BG  03 


ZUSAMMENSETZUNG 

Bor  /  Kaliumnitrat 


THEORETISCHE  EIGENSCHAFTEN  (p  =  100  bar) 

Flammentemperatur  Tc 

Spezifischer  Impuls  Up 

Charakteristische  Geschwindigkeit  c* 


3250  K 
171  s 
950  m/s 


SPEZIFIKATION 

Explosionswarme 

Schuttgewicht 

Abriebfestigkeit 

KorngrbBenbereich  (0,4-1 ,0  mm) 
KorngroOenbereich  ( 0,9  -  2,0  mm) 


> 

6900 

J/g 

> 

0,83 

g/cm' 

< 

10 

% 

AZM  6  BG  2 

> 

95 

% 

AZM  6  BG  3 

> 

95 

% 

GASZUSAMMENSETZUNG  (100:1,  Massenprozente) 


Kaliummetaborat 

KBO2 

g 

50,8 

% 

Bormonoxid  (dimer) 

(B0)2 

g 

18,9 

% 

Bormonoxid  (monomer) 

BO 

g 

3,1 

% 

Bortrioxid 

B2O3 

g 

3,0 

% 

Bornitrid 

BN 

s 

16,2 

% 

Bor 

B 

I 

2,4 

% 

Kalium 

K 

g 

4,4 

% 

Stickstoff 

N2 

g 

1.2 

% 

Gasausbeute  in  der  Brennkammer:  67,5  % 

Gasausbeute  in  der  Duse:  81 ,4  % 
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Eigenschaften  von  AZM  7 


I ZUSAMMENSETZUNG 


Bor  /  Kaliumnitrat  /Aluminium  /  Kaliumperchlorat  /  Mineral.  6l 


THEORETISCHE  EIGENSCHAFTEN  (p  =  100  bar) 

Flammentemperatur 
Spezifischer  Impuls 
Charakteristische  Geschwindigkeit 


3150  K 
180  s 
1010  m/s 


SPEZIFIKATION 

Explosionswarme 

> 

7825 

J/g 

Schuttgewicht 

> 

0,9 

g/cm^ 

Abriebfestigkeit 

< 

15 

% 

KorngroBenbereich  (  0,3  -  0,8  mm) 

> 

95 

% 

GASZUSAMMENSETZUNG  (100:1,  Massenprozente) 


Kaliummetaborat 
Bormonoxid  (dimer) 
Bormonoxid  (monomer) 
Bortrioxid 
Bornitrid 

Aluminiummetaboration 

Kalium 

Kaliumchlorid 

Stickstoff 

Kohlenmonoxid 

Rest 


KBO2 

g 

40,2 

% 

(B0)2 

g 

10,4 

% 

BO 

g 

1,6 

% 

B2O3 

g 

1,5 

% 

BN 

s 

12,5 

% 

AI(B02)++ 

g 

14,9 

% 

K 

g 

4,1 

% 

KCI 

g 

4,5 

% 

N2 

g 

0,5 

% 

CO 

g 

1,0 

% 

9,8 

% 

Gasausbeute  in  der  Brennkammer:  90,2  % 

Gasausbeute  in  der  DCise:  87,5  % 
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Thermochemische  Untersuchungen 


Aus  den  Ergebnissen  der  thermochemischen  Messungen  wird  deutlich,  da6  inner- 
halb  eines  normalen  Arbeitsbereiches  (<110  °C)  mit  keinerlei  Phasensprungen,  ver- 
bunden  mit  Volumenanderungen  zu  rechnen  ist,  weiche  die  mechanische  Stabilitat 
des  Granulats  beeintrachtigen  konnte  (sh.  DSC/TG-Kurven  in  den  Abbildungen  3 
und  4).  Ferner  konnen  die  Anzundmischungen  aufgrund  der  hohen  Entzundungs- 
temperatur  sicher  gehandhabt  werden. 


Tabelle  2:  DSC-Messungen 


AZM6BG 

AZM  7 

Probenmenge 

0,482  mg 

0,544  mq 

Aufheizgeschwindigkeit 

10^0/ min 

10°C/min 

Atmosphere 

N2 

N2 

Kristallumwandlung  KN03 

135  °C 

135  "C 

Schmeizvorgang  KN03 

333  °C 

333  X 

Zersetzungsbeginn  AZM 

420  °C 

440  X 

Verpuffung  AZM 

530  °C 

580  X 

Alterungsuntersuchungen 


Im  Rahmen  der  Qualitatssicherung  werden  in  gewissen  Abstanden  aus  der  laufen- 
den  Produktion  Proben  zur  Uberprufung  der  Langzeitstabilitat  gezogen.  Als  Kriterium 
wird  die  Abnahme  der  Explosionswarme  herangezogen.  Dazu  wird  eine  definierte 
Menge  von  AZM  in  ein  lose  verschlossenes  (d.  h.  ohne  Sicherung)  Reagenzgias  mit 
Schliffstopfen  uber  einen  Zeitraum  von  168  h  mit  110  belastet.  Dieses  Modell  si- 
muliert  eine  Einsatzdauer  von  ca.  10  Jahren.  Wahrend  dieses  Vorganges  nimmt  die 
Anzundmischung  geringfugig  an  Masse  zu.  Dies  erklart  sich  durch  die  Bildung  von 
Stickstoffdioxid  (NO2),  welches  sich  mit  einen  Teil  des  Bors  zu  Bortrioxid  und  Stick- 
stoffoxid  (NO)  umsetzt.  Das  freigesetzte  Stickstoffoxid  wird  durch  den  im  Reagenz¬ 
gias  befindlichen  Sauerstoff  wieder  zu  NO2  und  nimmt  solange  an  der  Reaktion  teil, 
bis  der  Sauerstoff  vollstandig  verbraucht  ist. 

AZM  7  besitzt  unmittelbar  nach  der  Produktion  eine  Explosionswarme  von  durch- 
schnittlich  8000  J/g,  weiche  sich  nach  durchlaufen  der  oben  genannten  Prozedur  um 
3.4  %  auf  7725  J/g  verringert.  Dieser  Wert  liegt  lediglich  1  %  unterhalb  der  Spezifi- 
kationsgrenze  (bezogen  auf  die  unbelastete  Substanz).  In  der  Praxis  ist  kein  Fall  be- 
kannt,  der  aufgrund  dieser  Tatsache  eine  Fehifunktion  aufgewiesen  hatte. 

Analoge  Untersuchungen  fur  die  AZM  6  BG  ergaben  einen  Abbau  der  Explosions¬ 
warme  um  2,5  %  von  7280  J/g  auf  7100  J/g.  Dieser  Wert  liegt  deutlich  oberhalb  der 
Spezifikationsgrenze.  BekanntermaBen  erleidet  eine  B/KNOa-Mischung  mit  91proz. 
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Bor  durch  den  produktionsbedingten  hohen  Magnesiumanteil  im  Laufe  der  Zeit  eine 
Starke  Degradation.  Das  hohe  Reduktionsvermogen  von  Magnesium  fCihrt  zu  einem 
Abbau  von  Kaliumnitrat  mit  simultaner  Oxidation  von  Bor  zu  Bortrioxid.  Bayern- 
Chemie  verwendet  deshalb  fiir  ihre  Anzundmischungen  ausschlieBlich  97proz.  Bor, 
wo  diese  Problematik  nicht  auftaucht.  Der  Magnesiumanteil  wird  hier  von  Seiten  des 
Herstellers  durch  einen  zusatzlichen  Waschschritt  mit  FluBsaure  (HF)  auf  einen  ge- 
ringen  Anteii  gedruckt. 

Amorphes  Bor  besitzt  durch  seine  hohe  Oberflache  eine  gewisse  Affinitat  zu  Sauer- 
stoff.  Die  sachgerechte  Lagerung  und  Verwendung  der  Anzundmischungen  bedingt 
demzufolge  eine  von  standiger  Luftzufuhr  und  Feuchtigkeit  geschutzte  Umgebung 
(geschlossener  Behalter,  Anzundeinheit,  geschlossener  Gasgenerator). 


Klassifizierung 

Die  DurchfCihrung  der  Sicherheits-Tests  erfoigte  mit  dem  Fallhammer  nach  BAM 
(gem.  TL  1376  -950  Blatt  16)  bzw.  dem  Reibapparat  nach  BAM  (gem.  TL  1376-950 
B!att15) 

Die  Entzundungstemperatur  wurde  mittels  thermochemischer  Methoden  (TG,  DSC) 
(Heizrate:  10  °C/min  in  N2-Atmosphare  gemessen)  untersucht. 


Tabelle  3:  Sicherheitsdaten 


AZM6BG 

AZM7 

Schlaqempfindlichkeit 

0,75  kpm 

0,5  kpm 

Reibempfindlichkeit 

>  36  kg 

>  24  kg 

Entzundungstemperatur 

>  500  °C 

>  500  °C 

Sicherheitseinstufung:  1.1  G 

r 
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AZM  6BG  20510  20  GrdC  BA  YERN’CHEMfE 

Pruefbombe  C«telicti*lt  Itujchcanch*  MUicbi  ■*« 

_ _  _ _  .  .  _  . 

Bombcn-Nr.  S?1-781W8‘<8  AZM-Mssse  0.5  tos  1H/93 


Ofuck 


AZM  7  aeqgq  20  GrdC  bayern-chemie 

Pruefbombe  3VJ#n-9‘l  c«i«ttch»u  A^uh^*  hIH  ^ 

Bowben-Nr.  5?1-7aiW8‘t6  AZM-Mos*e  0.5  Los  92/33 


lime  IMiiliseeonds) 


Abbildung  2:  Ballistische  Kurven 


10.  ^  I  10. 


11 0  “C  / 1 68  h  entprechend  1 0  Jahre 
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THE  ROLE  OF  BISMUTH  CHROMATE  IN  THE  IGNITION  REACTION 

OF  MOLYBDENUM  AND  POTASSIUM  PERCHLORATE  MIXTURES 

* 

R.G. Sarawadekar ,  R. Daniel  &  S . Jayarartian 

High  Energy  Materials  Research  Laboratory  (HEMRL) 

Sutarwadi,  Pune.  411  021.  INDIA 

ABSTRACT 

Mixtures  of  Mo  -  KCIO^  show  exothermic  ignition  reactions,  while 
mixtures  of  molybdenum  and  bismuth  chromate  do  not  show  ignition 
reactions.  Mixtures  in  which  the  KCIO^  content  is  less  at  about 
10%  show  very  good  propagation  properties  when  bismuth  chromate 
is  included  even  upto  an  extent  of  70%. 

Inclusion  of  bismuth  chromate  to  a  mixture  of  molybdenum  and 
potassium  perchlorate  reduces  the  violent  nature  of  the  mix  and 
decreases  the  burning  rate.  Bismuth  chromate  reduces  the 
decomposition  temperature  of  KCIO^  as  shown  by  DSC 
experiments . Though  the  heat  output  of  mixes  of  Mo  -  KCIO^  - 
bismuth  chromate  is  just  about  half  that  of  Mo  -  KCIO^  (  40  /60  ) 
these  show  good  propagation  characteristics  in  lead  tubes , whereas 
Mo  -  KCIO4  does  not  in  open  systems  because  of  the  formation  Of 
M0O3  (  sublimes  ).  KCL,  M0O3,  Bi203  and  Cr203  have  been 
identified  in  the  products  of  combustion. 

-ooOoo- 


*  To  whom  all  correspondence  should  be  addressed. 
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1 .  INTRODUCTION  : - 

Delay  compositions  with  molybdenum  powder  as  fuel  and  a  few 
oxidants  have  been  reported.  Mo  -  Ba02  mixtures  gave  burning 
rates  in  the  range  of  3.3  cm/  s  (1 )  .C.H. Miller  plotted  the 
burning  rate  against  fuel  content  for  mixtures  of  Mo  -  PbCrO^  and 
reported  a  parabolic  curve  (2).  A  model  for  solid  -solid 
propagation  reaction  rates  of  Mo  -  KCIO^  system  is  described  by 
Bernard  M.L.  et.al.(3).  A  more  detailed  account  of  Mo  -  KCIO^ 
system  is  given  by  Rif  fault  (4).  HSU  Ywonkeng  has  studied  the 
burning  rates  of  mixes  containing  Mo  -KCIO^  and  the  effect  of 
additives  on  their  burning  rates  (5).  Barium  chromate  decreases 
the  burning  rate  of  the  composition.  Thermal  studies  on  Mo  - 
KCIO4  -BaCrO^  delay  has  been  reported  (6).  It  has  been 
reported  that  higher  percentage  of  KCIO^  leads  to  production  of 
KCl  which  retards  the  reaction. 

In  the  present  work,  the  effect  of  bismuth  chromate  on 
Mo  -KCIO^  system  has  been  studied.  Thermal  analysis  has  been 
carried  out  and  reaction  products  have  been  analysed  by  X-ray 
diffraction  and  infrared  spectroscopy. 

2.  EXPERIMENTAL  : 

2 . 1  Materials  : 

Electrolytic  grade  molybdenum  metal  powder  with  an  average 
particle  size  2.6  micron  was  used.  Bismuth  chromate  of  purity  99% 
and  3.4  micron  particle  size  was  used.  Potassium  perchlorate 
having  particle  size  between  106  and  125  micron  was 
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used.  The  mixtures  with  varying  percentages  of  molybdenum  and 
bismuth  chromate  and  10%  KCIO4  were  granulated  using  2%  NC. 

2 . 2Methods  : 

The  mixes  were  filled  in  lead  tubes  and  the  tubes  were  drawn 
through  successive  dies.  Burning  rates  were  determined.  Ignition 
DTA  were  carried  out  on  locally  fabricated  apparatus , using  25  mg 
sample  mass  in  platinum  cups  and  a  heating  rate  of  10  C/rain  in 
static  air. 

TG:DSC  studies  were  performed  using  STA-409  EP  thermal 
analyser  of  NETZCSH  in  static  air  with  25  mg  sample  mass  in 
alumina  cups  and  heating  rate  10  C/min.  The  reaction 
exothermicities  were  measured  in  argon  atmosphere  in  a  Parr 
adiabatic  calorimeter.  X-ray  diffraction  patterns  of 

combustion  residue  of  various  compositions  were  recorded  on 
Phillips  X-ray  diffractometer  model  No. 1730/90  using  CuK 
radiations  at  room  temperature.  Infra  red  spectra  of  slags  were 
recorded  on  Perkin-Elmer  IR  spectrophotometer  model  No. 457  in 
nujol  mull  at  room  temperature. 

The  sensitivity  to  impact  was  measured  on  a  fall  hammer 
apparatus  using  2  kg  drop  weight  and  a  sample  size  of  20mg.  The 
sensitivity  towards  friction  was  determined  using  Julius  Peter 
friction  sensitivity  apparatus. 

3.  RESULTS  AND  DISCUSSIONS  : 

3 . 1  Calorimetric  data 

The  calorimetric  value  of  the  mix  Mo  -  KCIO4  (  40  /  60  ) 
was  determined  in  argon  at  5  atm.  and  found  to  be  604  cal  /  g  . 
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The  calorimetric  values  of  the  mixes  Mo  -  KCIO^  -Bi2Cr20g .H2O 
containing  10%  KClO^  ,  Mo  between  20-40%  and  bismuth  chromate  50- 
70%  were  determined  in  argon. These  values  are  shown  in  Table  l.A 
comparison  of  the  heat  output  reveals  that  the  heat  output  of  the 
compositions  containing  bismuth  chromate  are  much  less  compared 
to  that  of  the  mixture  containing  only  Mo  and  KClO^.The  heat  of 
reaction  increases  with  increase  in  Mo  content  upto  about  45%  Mo. 
3 . 2Burning  Rate  : 

Bernard  et.al.  have  mentioned  that  mixes  containing  less 
than  40%  Mo  do  not  ignite  whereas  HSU  Ywenkeng  has  reported  the 
ignition  of  mixes  containing  33%  Mo  also.  We  also  tested  Mo_KC104 
mixes  in  lead  tubes  with  2mm  diameter  of  the  pressed  column  and 
found  that  the  column  does  not  propagate  at  40%  Mo  level.  When 
bismuth  chromate  is  added  to  the  mixes  containing  Mo  and  KCIO^ , 
it  is  found  that  the  compositions  containing  as  little  as  20%  Mo 
propagate  burning  satisfactorily . The  proportion  of  KCIO^  was 
maintained  constant  at  10%.  These  compositions  show  good  burning 
characteristics.  The  burning  rates  are  given  in  Table-1.  The 
mixture  containing  15%  Mo  does  not  burn, whereas  in  the  rest  of 
mixtures  it  is  seen  that  burning  rate  increases  with  increase  in 
molybdenum  content. 

It  was  very  surprising  to  note  that  the  composition  Mo  - 
KCIO4  on  ignition  gives  a  heat  output  twice  that  of  Mo  -  KCIO  - 
bismuth  chromate  but  does  not  show  propagation  of  burning  in  the 
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lead  tube.  On  the  other  hand  ,  the  mix  Mo  -  KCIO4  (  40/60)  was 
tested  in  a  closed  system  and  it  was  found  to  propagate  smoothly 
with  a  burning  rate  of  3.7  s/cm  when  loaded  with  a  pressure  of 
3750  Kg/cra^.  To  investigate  the  matter  further, the  temperature 
of  the  burning  layer  was  measured  with  the  R  type  thermocouple. 
It  was  found  that  the  temperature  of  the  reaction  front  was  540 
C  for  the  mix  Mo  -  KCIO4  (40/60)  and  370  “  C  for  the  mix  Mo  - 
KCIO4  -  Bismuth  Chromate  (  40/10/50  ) .  This  confirms  that  in  an 
open  system  the  products  of  the  combustion  of  Mo  -  KCIO4  being 
volatile  escape  from  the  reaction  front  carrying  the  heat  away 
thus  causing  failure  in  propagation.  In  the  case  of  Mo  -  KCIO4- 
Bi2Cr20g.H20  the  temperature  is  low  and  so  the  heat  does  not 
escape  from  the  system. 

3.3  THERMAL  ANALYSIS 

The  DTA  curve  of  Mo  metal  powder  shows  a  broad  exotherm 
beginning  at  420  “  C  and  ending  at  600  °C,  which  is  due  to  air 
oxidation  of  Mo.  X  —  ray  diffraction  shows  the  formation  of  only 
M0O3  which  crystallizes  in  the  rhombic  form.  It  belongs  to  Pbj^jjj 
(62)  group  where  Z=4  and  d=4.710  (7  ).  TG  data  shows  39.4% 

increase  in  weight  as  against  the  theoretical  value  50%  for  M0O3. 
This  lower  increase  in  weight  may  probably  due  to  the  loss  of 
M0O3  by  sublimation, which  occurs  simultaneously. 

TG-DSC  of  KCIO4  was  carried  out  in  air.  DSC  curve  shows  two 
endotherms  and  one  exotherm.  The  first  endotherm  at  309.4  C  is 
due  to  crystalline  transition.  The  second  endotherm  is  observed 
at  584. 8 “C  for  fusion.  The  exothermic  peak  is  observed  at  600.9  C 
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corresponds  to  the  decomposition  of  KCIO^  with  evaluation  of  heat 

(8). 

DSC  data  of  bismuth  chromate  shows  four  endotherms.  between 
(i)  229.7  to  303. 3“C  (ii)488  to  533.2-0  (iii)  818.8  to  847. 
and  (iv)  915.8  to  941. 9 “c. The  possible  reaction  mechanism  is 
given  below,  which  was  described  in  an  earlier  paper  (9). 

Bi2Cr209.H20  - >  Bi2Cr20g  - >  Bi205.Cr203 

Bi203,Cr203  - >  Bi204.Cr203 

DSC  of  Mo-KClO^  (40/60)  shows  one  endotherm  at  308°C 
corresponding  to  the  crystalline  transition  of  KCIO^  and  one 
exotherm  at  450 °C  corresponding  to  oxidation  of  molybdenum.  It 
gives  a  sharp  peak  in  the  range  448.9  to  462. 8 “C  with  evolution 
of  heat.  It  is  observed  that  KCIO^  decomposes  at  448. 9°C  and  air 
oxidation  of  Mo  also  takes  place  in  the  same  range.  Fig.l  shows 
that  the  reaction  between  Mo-KClO^  is  violent. 

DSC  curve  for  the  composition  containing  molybdenum 
and  bismuth  chromate  (20/80)  in  air  is  given  in  Fig  1.  It  shows 
main  exotherm  in  the  range  542.6  to  659. 9 “c  with  peak  temperature 
at  620. 2-C. 

To  understand  the  role  of  bismuth  chromate,  compositions 
were  prepared  containing  bismuth  chromate  and  potassium 
perchlorate  with  varying  proportions  such  as  1:1  to  1:7.  DSC 
curves  show  that  there  is  a  reduction  in  the  decomposition 
temperature  of  KCIO^  as  shown  in  Fig. 2.  The  mixture  containing 
1:1  ratio  begins  to  melt  at  420 “c  with  simultaneous 

decomposition  as  shown  by  weight  loss,  with  peak  temperature  at 
501. 6 °C.  When  the  proportion  of  bismuth  chromate  is  increased. 
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the  main  exotherm  of  decomposition  of  KCIO^  vanishes  and  only  one 
endotherm  appears  at  453. 5 "C.  As  bismuth  chromate  content 
increases,  exotherm  peak  height  also  decreases,  clearly  showing 
that  bismuth  chromate  absorbs  all  the  heat  evolved  during  the 
decomposition  of  of  KCIO4.  At  this  temperature  range  bismuth 
chromate  also  decomposes.  Thus  it  can  be  seen  that  addition  of 
bismuth  chromate  brings  down  the  decomposition  temperature  of 
KCIO4,  but  reduces  the  exotherm.  This  explains  the  satisfactory 
propagation  of  burning  of  the  composition  containing  low 
percentages  of  Mo,  but  high  percentage  of  bismuth  chromate.  DSC 
curves  under  non— ignition  condition  of  the  mixtures  containing 
Mo-KC104-Bi2Cr20g  indicate  an  exothermic  peak  near  about  446  C. 
This  can  be  attributed  to  the  reaction  between  Mo-KClO^ .  This 
peak  is  sharp  for  compositions  containing  less  than  30%  Mo.  The 
rate  of  reaction  is  slow  for  compositions  containing  more  than 
30%  Mo  which  show  two  more  exotherms . Second  exothermic  peak  is 
broad  at  about  520 °C  and  third  exotherm  is  sharp  at  630±3°C. 
3. 4 IGNITION  DTA 

DTA  Of  Mo  -KCIO4  -Bi2Cr209.H20  containing  15-40  %  Mo  were 
carried  out  under  ignition  conditions  in  air. In  all  cases  a 
single  sharp  exotherm  is  observed  in  the  range  of  452  to  468”  C. 
The  temperature  of  ignition  of  these  mixes  does  not  show  any 
significant  variation  due  to  change  in  Mo  content.  The  ignition 
occurs  at  around  the  same  temperatures  as  the  air  oxidation  of 
Mo.  The  values  of  ignition  temperatures  are  given  in  Table  -2. 
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3 . 5REACTION  PRODUCTS 

The  reaction  products  were  analysed  by  X-  ray 
diffraction  technique.lt  is  observed  that  generally  M0O3  is 
formed. In  addition,  the  formation  of  Bi203,Cr203  and  higher 
oxides  of  Mo  is  also  indicated  (7).  X  -  ray  diffraction  patterns 
are  shown  in  Fig  -  3 ,  which  were  analysed  by  comparing  with 
standard  patterns  of  each  compound  from  X-ray  diffraction  Philip 
computerised  data  library.  it  is  noticed  that  the  oxides  of 
molybdenum  react  with  Bi203  and  form  molybdenum  bismuthates. 

The  infra  red  spectra  of  the  slags  shows  absorption  peaks  at 
625  and  560  cm"l  for  ^203,  842, and  540  cin"^  for  M0O3  and  61203 
shows  peaks  at  640  and  515  cmOl.  These  are  comparable  with 
literature  values.  (  lo  ) 

3.6IMPACT  AND  FRICTION  SENSITIVITY  : 

It  is  observed  that  in  all  the  compositions  initiation  by 
impact  was  only  20-50  %  at  an  impact  energy  of  62  J/cm^.All 
compositions  studied  here  are  insensitive  to  friction  upto  36  kg. 
load  in  the  Julius  Peters  apparatus. 

4  CONCLUSIONS  : 

Mixtures  of  Mo  -  KCIO^  show  exothermic  ignition  reactions,  while 
mixtures  of  molybdenum  and  bismuth  chromate  do  not  show  ignition 
reactions.  Mixtures  in  which  the  KCIO^  content  is  less  at  about 
10%  show  very  good  propagation  properties  when  bismuth  chromate 
is  included  even  upto  an  extent  of  70%. 

Molybdenum-potassium  perchlorate-bismuth  chromate  mixes  in 
proper  proportions  present  a  good  delay  system.  These 
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compositions  (20  -  40  %  Mo)  show  ignition  in  DTA  experiments  even 
though  their  heat  output  is  less.  Bismuth  chromate  decreases  the 
decomposition  temperature  of  potassium  perchlorate  and  absorbs 
the  heat  liberated  in  the  process  due  to  endothermic 
decomposition  reactions. 

DTA  experiments  under  ignition  conditions  indicate  that  the 
ignition  temperatures  are  of  the  same  order  for  compositions 
containing  either  molybdenum-potassium  perchlorate  or  molybdenum- 
potassium  perchlorate-bismuth  chromate.  The  heat  output  of  Mo- 
KCIO4  (40/60)  is  almost  double  that  of  mixes  containing  bismuth 
chromate.  But  the  former  does  not  burn  satisfactorily  in  open 
system  whereas  the  latter  shows  good  propagation  characteristics. 
This  is  because  in  the  case  of  M0-KCIO4,  the  reaction  temperature 
is  high  and  the  product  M0O3  which  is  volatile  at  the 
flame  temperature  and  must  be  carrying  the  heat  away  from  the 
reaction  zone,  whereas  in  the  case  of  compositions  containing 
bismuth  chromate  the  flame  temperature  is  low,  and  therefore  M0O3 
does  not  volatilise  and  the  products  of  combustion  form  hot 
slag,  which  transfers  the  heat  effectively  to  the  unburnt 
composition  resulting  in  satisfactory  propagation.  This  was 
confirmed  by  testing  the  Mo  -  KCIO4  in  a  closed  system  where  it 
showed  fast  burning  characteristics. 
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TABLE  1  :  BURNING  RATE  AND  CALORIMETRIC  DATA 


COMPOSITION 
Mo  +  KCIO4  + 

B.C. 

BURNING  RATE 
cm/s 

CAL  VAL 

Cal/g  (Argon) 

20 

- 

10  - 

70 

0.21 

253 

25 

- 

10  - 

65 

0.33 

271 

30 

- 

10  - 

60 

0.40 

289 

35 

- 

10  “ 

55 

0.44 

304 

40 

- 

10  - 

50 

0.56 

315 

45 

- 

10  - 

45 

0.41 

330 

50 

- 

10  - 

40 

0.44 

313 

60 

_ 

10  - 

30 

0.44 

290 

************************************** 


TABLE:  2  : 

THERMOANALYTICAL  DATA 

Composition 

% 

MO+KP+BC 

IGNITION 

Temp 

NON 

EXO 

”0 

IGNITION  DTA/  TG 

% 

Wt . loss 

15/10/75 

452 

448 

27.8 

20/10/70 

465 

446 

22.2 

25/10/65 

468 

446 

— 

30/10/60 

457 

444 

15.2 

35/10/55 

462 

445 

13.7 

40/10/50 

459 

446 

16.7 

KP  =  KCIO4 

BC  =  Bi2Cr20g 

.H2O 
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PIG. 2  -  DSC  CURVES  OF  kC404 -Bi2Cr209 
AT  DIFFERENT  RATIOS  (W/VV) 
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INFLUENCE  OF  ALUMINIUM  ON  COMBUSTION  OF  MAGNESIUM-SODIUM 
NITRATE  PYROTECHNIC  MIXTURE 

Harihar  Sinah  and  R.Bhaskara  Rao 

Explosives  Research  &  Development  Laboratory  (Cell), 

Kanchanbagh,  Hyderabad-500258  (INDIA) 


ABSTRACT 

Burning  rate  and  energetics  of  Mg-NaNOg  and  AI-NaNOg  pyrotechnic  mixtures  have 
been  studied  to  elucidate  their  combustion  mechanism  and  to  understand  the  influence 
of  addition  of  Al  particles  on  the  combustion  of  Mg-NaNOg  gas  generating  systems  at 
different  oxidiser  levels.  Results  indicate  that  the  burning  rate  of  Mg-NaNOg  system  is 
higher  at  fuel-rich  ratio  due  to  high  condensed  phase  heat  release  and  decreases  with 
increasing  oxidiser  content  and  shows  a  minimum  value  at  stoichiometric  ratio  due  to 
the  formation  of  metal  agglomerates  at  the  burning  surface.  On  the  other  hand  the 
burning  rate  of  AI-NaNOg  composition  is  lower  at  fuel-rich  ratio  due  to  the  presence  of 
high  degree  of  metal  agglomeration  and  increases  with  the  increase  of  oxidiser  content 
and  has  a  maximum  value  at  stoichiometric  ratio  due  to  release  of  high  heat  energy  in 
the  vapour  phase  combustion. 

The  burning  rate  of  Mg-NaNOg  at  fuel-rich  ratio  on  addition  of  Al  particles  upto  10%, 
further  increases  due  to  enhanced  exothermic  reactions  at  the  burning  surface  resulting 
in  the  increase  of  surface  heat  energy,  while  at  higher  contents  of  Al  particles  the  burning 
rate  decreases  due  to  the  accumulation  of  Al  particles  and  formation  of  agglomerates  at 
the  burning  surface  with  its  increased  concentration  and  shifts  the  reactions  to  the  vapour 
phase  away  from  the  surface.  At  stoichiometric  ratio  of  Mg-NaNOg  addition  of  Al  particles 
further  reduces  the  burning  rate  alongwith  energy  content  due  to  enhanced  metal 
agglomeration. 

It  was  also  found  out  that  the  addition  of  Al-Mg  alloy  particles  to  Mg-NaNOg  composition 
decreases  the  burning  rate  alongwith  the  energy  content  at  all  mixture  ratios  due  to  the 
higher  stability  of  the  alloy  particles  for  the  reactions  in  comparison  to  its  component 
elements  and  also  due  to  the  lower  melting  temperature  of  the  alloy  particles  below  the 
decomposition  range  of  NaNOg  leading  to  high  degree  of  metal  agglomeration.  The 
burning  surface  temperature  data  also  support  the  suggested  mechanism. 
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INTRODUCTION 

Study  of  metal  based  pyrotechnics  has  shown  a  great  interest  in  the  recent  past  as  gas 
generators  for  advanced  air-breathing  propulsion  systems  due  to  their  high  density  and 
high  heat  potential<^‘^).  Among  the  various  pyrotechnic  formulations,  Mg-NaN03  mixture 
is  known  to  be  efficient  as  a  gas  generator  because  of  its  high  combustion  efficiency  and 
wide  spectrum  of  burning  rate.  Since  the  performance  realisation  of  a  composition 
depends  on  its  kinetic  and  energetic  parameters,  the  performance  augmentation  studies 
for  use  as  gas  generator  have  been  carried  out  using  aluminium  powder  as  an  additive 
which  is  a  known  energetic  material  commonly  being  used  in  pyrotechnics  and  propel¬ 
lants. 

In  the  present  study,  the  burning  rate  and  energetics  of  Mg-NaNOg  and  AI-NaNOg 
compositions  have  been  studied  in  order  to  understand  the  influence  of  Al  particles  in  free 
form  as  well  as  in  the  form  of  alloy  particles  with  Mg,  on  the  combustion  of  Mg-NaNOg 
formulations.  Attempts  have  also  been  made  to  develop  a  suitable  combustion  mecha¬ 
nism. 

EXPEREMENTAL 

Compositions  containing  Mg/NaNOg,  AI/NaNOg,  Mg/AI/NaNOg  and  Mg/AI- 
Mg(1 : 1  jalloy/NaNOg  at  different  fuel/oxidiser  ratios  were  formulated.  Pellets  of  1 00  mm 
diameter  and  50  mm  length  were  pressure  moulded  to  a  density  of  1 .6  g/cc  and  inhibited 
with  epoxy  resin  for  the  measurement  of  burning  rate  and  surface  temperature.  Burning 
rate  of  the  compositions  was  determined  by  static  firing.  The  pellet  was  loaded  in  a  test 
motor  of  1 1 0  mm  diameter  and  ignited  electrically  with  an  igniter  composition  Mg-KNOg- 
EC.  The  burning  rate  was  determined  from  the 
pressure-time  profile. 

Heat  of  combustion  values  of  the  samples  were  determ  ined  with  a  Julius  Peters  adiabatic 
bomb  calorimeter  of  300  cc  volume.  Samples  corresponding  to  0.01  g/cc  loading  density 
was  ignited  in  an  argon  atmosphere.  Burning  surface  temperature  of  the  samples  were 
measured  during  the  static  firing  with  micro-thermocouples  embedded  within  the  pellet. 
Micro-thermocouples  made  of  platinum  and  platinum-rhodium  1 0%  of  50  p  diameter  was 
used. 
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Thermal  decomposition  of  the  samples  was  carried  out  with  STA  409  Netzsch  Geratebau 
Gm  bH  differential  thermal  analyser  (DTA).  Experiments  were  conducted  using  5  mg 
sample  with  a  heating  rate  of  10“C/min  in  an  argon  atmosphere. 

RESULTS  AND  DISCUSSION 

Burning  rate  of  the  compositions  at  different  weight  percent  of  NaNOg  is  shown  in  Figure 
1  and  energy  content  shown  in  Figure  2.  It  can  be  observed  that  the  burning  rate  of  Mg- 
NaNOg  increases  with  increasing  oxidiser  content,  shows  a  maxim  urn  at  30%  NaNOg  and 
reaches  a  low  value  at  stoichiometric  point  (ie  58%  NaNOg)  in  contrast  to  the  energy 
content.  On  the  otherhand  the  burning  rate  of  AI-NaNOg  increases  continuously  with 
increasing  NaNOg  alongwith  the  energy  content  and  shows  a  maximum  at  stoichiometric 
point  (ie  65%  NaNOg).  Further  the  burning  rate  as  well  as  energy  content  of  Mg-NaNOg 
are  higher  at  fuel  rich  ratio  than  AI-NaNOg  and  are  lower  at  stoichiometric  ratio. 

Addition  of  Al  particles  upto  10%  in  Mg-NaNOg  further  increases  the  burning  rate 
significantly  by  about  20%  at  fuel-rich  ratio  with  an  increase  in  the  energy  content.  On 
further  addition  of  Al  particles  beyond  1 0%,  the  burning  rate  decreases  though  the  energy 
content  increases  upto  50%  of  Al  content.  On  the  other  hand  at  stoichiometric  ratio  of  the 
composition,  the  addition  of  Al  particles  decreases  the  burning  rate  alongwith  energy 
content  at  all  Al  concentrations. 

To  obtain  the  information  on  the  heat  flux  at  the  burning  surface,  the  burning  surface 
temperature  was  determined.  The  results  indicate  (Figure  3)  that  with  all  the  composi¬ 
tions  the  surface  temperature  is  higher  at  stoichiometric  ratio  than  at  fuel  rich  ratio.  Also 
the  surface  temperature  is  lower  for  Mg-NaNOg  and  it  increases  on  addition  of  Al 
particles  and  shows  higher  value  with  AI-NaNOg  (785°C  at  fuel-rich  ratio  and  1 100°C  at 
stoichiometric  ratio). 

Thermal  decomposition  studies  of  Mg-NaNOg  (Figure  4)  indicate  two  exotherms.  The 
first  exotherm  appears  at  460°C  and  the  second  exotherm  at  465°C  with  fuel  rich 
composition  with  a  higher  heat  release  and  at  523°C  with  stoichiometric  composition  with 
a  lower  heat  release.  At  different  concentrations  of  Al  in  Mg-NaNOg  at  fuel  rich  ratio, 
though  the  decomposition  starts  at  460“C,  the  heat  release  in  the  exotherms  varies  with 
a  delay  in  the  ignition  temperature.  Thermal  decomposition  of  AI-NaNOg  occurs  at  695°C 


with  a  lower  heat  release  at  fuel  rich  ratio  and  at  723°C  with  a  higher  heat  release  at 
stoichiometric  ratio  after  a  melting  transition  at  660°C  due  to  Al  particles.  These  results 
indicate  that  the  decomposition  of  Mg-NaNOg  occurs  before  the  Mg  particles  reaches 
melting  temperature  (660°C)  whereas  the  decomposition  of  AI-NaNOg  occurs  after  the 
Al  particles  attain  the  melting  temperature  at  the  burning  surface.  Also  the  presence  of 
Al  particles  in  Mg-NaNOg  shifts  the  decomposition  range  to  a  higher  temperture. 

Based  on  the  above  observations  attempt  was  made  to  explain  the  mechanism  of 
combustion  of  the  compositions.  It  is  suggested^  that  the  decomposition  of  NaNOg  starts 
at  460°C  from  nitrate  to  nitrite  with  the  release  of  atomic  oxygen.  This  oxygen  atom  reacts 
with  Mg  for  the  exothermic  heat  release  in  the  condensed  phase  and  facilitates  total 
ignition  of  the  sample.  The  exotherm  at  460°C  with  Mg-NaNOg  before  the  Mg  particles 
reach  the  ignition  temperature  (528°C)  indicates  the  release  of  high  condensed  phase 
heat^  leading  to  high  burning  rate  at  fuel  rich  ratio  of  the  composition. 

An  increas  in  concentration  of  NaNOg  increases  inert  heating  of  the  metal  particles  due 
to  the  presence  of  molten  layer  of  NaNOg  resulting  to  thicker  oxide  coating  of  the  metal 
particles.  This  reduces  the  heat  release  in  the  condensed  phase  and  leads  to  delay  in 
the  ignition.  This  results  in  the  formation  of  metal  agglomerates  which  eject  into  the  flame 
zone  burn  and  inefficiently  and  cause  low  burning  rate.  Diffusion  of  agglomerates  take 
place  to  the  flame  zone  only  after  the  particles  attain  a  sufficient  temperature  on  the 
burning  surface.  This  may  cause  rise  in  burning  surface  temperature  {Figure  3)  when  the 
composition  approaches  stoichiometric  value. 

Decomposition  of  AI-NaNOg  composition  (Figure  4)  occurs  at  695°C  with  a  lower  heat 
release  at  fuel  rich  ratio  and  at  723°C  with  a  higher  heat  release  at  stoichiometric  ratio 
after  the  transition  due  to  melting  of  Al  particles  at  660°C.  The  higher  temperature 
decomposition  compared  to  Mg-NaNOg  composition  is  due  to  the  formation  of  protective 
oxide  layer  exists  around  Al  particles  preventing  the  surface  oxidition  at  lower  tempera¬ 
ture.  Hence  the  molten  Al  droplets  at  the  burning  surface  coalesce  into  large  slow  burning 
agglomerates  and  diffuse  out  to  the  vapour  phase  after  attaining  sufficient  temperature. 
The  combustion  in  the  vapour  phase  conducts  heat  to  the  burning  surface  for  further 
regression  of  the  composition.  This  explains  the  high  burning  surface  temperature  and 
also  the  increase  of  burning  rate  when  the  composition  approaches  from  fuel  rich  to 
stochiometric  value  due  to  the  vapour  phase  combustion. 
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The  addition  of  At  particles  in  Mg-NaNOg  composition  at  fuel  rich  ratio,  thermal 
decomposition  also  starts  at  460°C  for  the  condensed  phase  heat  release.  Further,  the 
additional  heat  release  in  the  exotherm  at  low  concentration  of  Al  is  expected  due  to  the 
oxidition  of  Al  particles  and  the  reduction  of  Al^Og  in  presence  of  excess  of  Mg.  Hence 
the  additional  heat  release  in  presence  of  Al  particles  upto  10%  increases  the  surface 
heat  potential  and  causes  an  increase  in  the  burning  rate. 

At  higher  concentration  of  Al  particles  in  Mg-NaNOg,  the  particles  are  expected  to 
accumulate  at  the  burning  surface  and  form  metal  agglomerates  as  the  reaction  of  Al  in 
presence  of  NaNOg  occurs  after  the  melting  of  Al  particles  at  the  burning  surface.  Hence 
the  agglomerates  which  increases  with  increasing  concentration  of  Al  and  when  ejected 
into  the  flame  zone  burn  Inefficiently  and  cause  low  burning  rate.  The  reduced 
exothermicity  in  the  DTA  with  delay  in  ignition  indicates  the  vapour  phase  combustion  of 
the  particles  away  from  the  burning  surface.  The  increase  in  burning  surface  tempera¬ 
ture  with  increasing  Al  content  in  Mg-NaNOg  also  supports  the  particle  agglomeration  at 
the  burning  surface. 

The  addition  of  Al  particles  at  stoichiometric  ratio  of  Mg-NaNOg  further  reduces  the 
heat  release  in  the  DTA  (Figure  4)  with  longer  ignition  delay  and  without  any  condensed 
phase  heat  release.  As  the  combustion  of  Mg-NaNOg  composition  at  this  ratio  provide 
low  burning  rate  due  to  metal  particle  agglomeration  followed  by  inefficient  burning  in  the 
vapour  phase,  the  presence  of  Al  particles  are  expected  to  enhance  the  metal  agglom¬ 
eration  and  further  reduce  the  burning  rate  of  the  composition. 

Further  it  is  also  found  out  that  the  addition  of  Al-Mg  (1:1)  alloy  particles  in  Mg-NaNOg 
composition  lowers  the  burning  rate  and  energy  content  at  all  mixture  ratios  of  the 
composition  and  at  all  concentrations  of  the  alloy  particles  (Figure  1  and  2).  DTA  data  of 
Mg-NaNOg  in  presence  of  alloy  particles  indicate  (Figure  4)  an  endothermic  transition 
at  442°C  due  to  the  melting  of  alloy  particles  and  an  exotherm  ic  decomposition  at  535°C 
with  a  lower  heat  release  with  fuel  rich  composition  and  at  565°C  with  a  higher  heat 
release  with  stoichiometric  composition. 

The  melting  of  alloy  particles  of  the  composition  earlier  to  the  decomposition  range  of 
NaNOg  (460-720°C)  indicate  that  the  Mg  particles  at  the  burning  surface  of  the 
composition  are  enveloped  by  the  stable  molten  alloy  layer  and  hence  are  difficult  to 
undergo  oxidation  at  the  surface  thus  form  high  degree  of  metal  agglomerates.  These 
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agglomerates  when  ejected  into  the  flame  zone  burn  inefficiently  and  provide  low  heat 
release  and  conduct  lower  heat  to  the  burning  surface  and  causes  reduced  burning  rate. 
The  higher  burning  surface  temperature  recorded  on  addition  of  alloy  particles  due  to  the 
formation  of  high  degree  of  metal  agglomerates  at  the  surface  supports  the  phenomena. 
The  lower  heat  of  combustion  of  the  Mg-NaNOg  composition  on  addition  of  alloy  particles 
is  probably  due  to  their  higher  stability  of  alloy  particles  in  comparison  to  its  component 
elements. 

CONCLUSIONS 

Burning  rate  of  Mg-NaNOg  pyrotechnic  composition  is  higher  at  fuel-rich  ratio  as  the 
metal  particles  react  exothermically  in  the  condensed  phase  before  the  particles  acquire 
sufficient  energy  for  ignition  and  release  high  condensed  phase  heat.  Increase  of 
oxidiser  content  reduces  the  heat  release  in  the  condensed  phase  due  to  oxide  coating 
of  metal  particles  in  presence  of  higher  concentration  of  molten  oxidiser  leading  to  low 
burning  rate. 

Burning  rate  of  AI-NaNOg  composition  is  low  at  fuel-rich  ratio  and  increases  with 
increasing  oxidiser  content  as  the  metal  particles  react  in  the  vapour  phase  after  melting 
at  the  burning  surface  without  any  condensed  phase  reactions.  This  leads  to  particle 
agglomeration  and  the  ejection  of  the  agglomerates  to  the  vapour  phase  causing 
increase  of  burning  rate  with  increasing  oxidiser  content. 

Addition  of  Al  particles  upto  10%  in  Mg-NaNOg  composition  augment  the  burning  rate  at 
fuel-rich  ratio  due  to  the  additional  exothermic  reactions  occurring  just  above  the  burning 
surface  while  at  higher  contents  of  Al  particles  the  burning  rate  decreases  due  to  the 
particle  accumulation  of  Al  with  its  increased  concentration  and  formation  of  agglomer¬ 
ates  at  the  burning  surface  and  shifts  the  reactions  to  the  vapour  phase  away  from  the 
surface.  At  stoichiometric  ratio  of  Mg-NaNOgthe  addition  of  Al  particles  further  decreases 
the  burning  rate  due  to  enhanced  metal  agglomeration. 


Addition  of  Al-Mg  alloy  particles  decreases  the  burning  rate  and  energy  content  of  Mg- 
NaNOg  composition  at  all  mixture  ratios  due  to  the  higher  stability  of  the  alloy  particles 
for  the  reactions  than  its  component  elements  and  also  due  to  the  lower  melting  point  of 
alloy  particles  below  the  decomposition  range  of  NaNOg  leading  to  high  degree  of  metal 
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agglomeration. 

Study  carried  out  has  indicated  that  the  combustion  efficiency  of  Mg-NaNOg  gas 
generator  fuel-rich  composition  could  be  augmented  significantly  by  about  20%  on 
addition  of  Al  particles  upto  10%  for  use  in  advanced  air-breathing  propulsion  system. 
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FIGURE  1  Burning  rote  data  of  connposi  tions  as  a 
function  of  NaN03  concentration 
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FIGURE  2  .  Heat  of  combustion  data  of  compositions 
as  a  function  of  NaN03  concentration- 
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FIGURE  3-  Burning  surface  temperature  data  of  Mg-NaN03 
composition  replacing  Mg  with  A(/Al-Mg  alloy  particles. 
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FIGURE  4.  Thermal  decomposition  data  of  compositions. 
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ABSTRACT 

In  propellant  based  gas  generation  systems,  there  are  a  number  of  pyrotechnic 
elements  comprising  an  ignition  train.  These  elements  convert  a  mechanical  or 
electrical  impulse  into  a  combustion  wave  of  sufficient  magnitude  to  ignite  the 
propellant  charge,  thereby  beginning  the  gas  generation  process.  In  this  paper, 
typical  ignition  trains  as  used  in  passive  vehicle  restraint  systems,  and  the 
pyrotechnic  elements  therein  are  described.  In  particular,  the  role  of  the  ignition 
enhancer  in  providing  a  prompt  and  controlled  ignition  stimulus  to  the  propellant  is 
examined. 

Special  reference  is  made  to  a  new  pyrotechnic  product,  ENERFOIL™  Ignition  film. 
The  material  has  been  characterised  in  terms  of  both  its  ballistic  performance  and 
its  sensitivity  to  common  hazardous  stimuli.  This  material  is  shown  to  have 
increased  performance  over  conventional  pyrotechnic  powders  In  terms  of  ballistic, 
environmental  and  cost  considerations.  The  manufacturing  method,  based  on 
vacuum  vapour  deposition  Is  reviewed,  and  is  shown  to  be  intrinsically  more 
controllable  than  conventional  powder  mixing,  giving  a  uniform  and  reliable  product. 

Conversion  of  the  film  into  enhancers  for  use  in  passenger  side  airbag  inflators  is 
described,  and  examples  given  of  the  ballistic  performance  of  such  systems.  Use  of 
ENERFOIL™  film  based  enhancers  along  with  MICROSAF™  advanced  propellant 
grains  as  an  integrated  pyrotechnic  unit  is  detailed.  Data  on  passenger  side 
generator  performance  is  provided  and  conclusions  drawn  as  to  the  likely 
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performance  available  from  such  systems  in  terms  of  ballistic  response  over  the 
complete  operational  temperature  range. 


INTRODUCTION 


The  use  of  propellant  gas  generators  to  inflate  automobile  passive  occupant 
restraint  systems,  "airbags",  has  become  commonplace.  The  technology  associated 
with  the  design  of  these  generators  relies  heavily  on  that  used  in  defence 
applications,  in  particular  the  use  of  sodium  azide  propellants  as  a  means  of 
generating  hot  clean  nitrogen  gas.  Because  of  the  high  burn  rate  of  such  systems, 
large  web  dimensions  can  be  used,  notwithstanding  the  very  short  burn  times 
required  in  airbag  systems. 

Typical  propellant  grains  are  pressed  as  single  or  multi-holes  disks.  These  are 
assembled  into  a  stack,  which  is  inserted  into  a  filter  and  then  into  the  body  of  the 
generator.  The  filter  system  acts  to  remove  unwanted  particulates  from  the 
generator  eflux,  and  reduce  the  temperature  of  the  gas  to  a  level  compatible  with  the 
polymeric  material  used  to  manufacture  the  air  bag  itself.  The  generator  body  has  a 
number  of  nozzles  on  the  outer  surface  of  the  body  orientated  to  give  thrust  neutral 
characteristics.  A  schematic  of  a  typical  passenger  side  generator  is  shown  in 
Figure  1. 

For  a  passenger  side  generator,  the  ballistic  specification  of  the  generator  requires 
that  the  seals  on  the  nozzle  system  open  within  about  8  ms.,  and  complete 
combustion  is  achieved  within  about  65  ms,  at  ambient  temperature.  Nozzle  opening 
is  controlled  primarily  by  the  promptness  of  propellant  ignition  and  the  free  volume 
within  the  generator.  Burn  out  is  controlled  by  the  propellant  web  thickness,  and  the 
uniformity  of  ignition  of  the  propellant  grain. 
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The  gas  generation  rate  is  closely  prescribed  throughout  the  operation  of  the 
generator,  requiring  reproducible  ignition  of  all  of  the  surfaces  of  propellant  grains, 
without  significant  grain  damage  due  to  the  ignition  event. 


250min 


Igniter  Enhancer  PropellantFilter  Nozzles  Inflator 
/Booster  Disks  Case 


FIGURE  1 

SCHEMATIC  OF  PASSENGER  SIDE  GENERATOR 


The  ignition  system  used  to  ensure  adequate  performance  has  until  recently 
comprised  an  igniter  containing  various  quantities  of  metal  ~  oxidant  powders,  for 
instance  boron  and  potassium  nitrate  or  titanium  and  potassium  perchlorate,  and  an 
"enhancer",  comprising  a  perforated  tube  containing  a  large  quantity  of  boron  - 
potassium  nitrate  powder  and  deflagrating  cord.  An  electric  igniter  is  mounted  in  the 
head  end  of  the  generator,  and  an  enhancer  inserted  down  the  central  conduit 
formed  by  the  propellant  grains. 

The  enhancer  unit  suffers  from  numerous  drawbacks  including  complexity,  cost  and 
safety  in  manufacture  and  handling.  The  performance  can  be  variable,  and  can  lead 
to  significant  grain  damage  during  ignition  of  the  generator,  which  can  be  less  than 
optimal.  It  is  the  most  unsatisfactory  part  of  the  generator  design. 
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Recently  a  novel  pyrotechnic  material  has  been  invented  at  the  Defence  Research 
Agency,  Fort  Halstead,  Sevenoaks,  U.K.  that  promises  to  revolutionise  the  design  of 
ignition  enhancing  systems.  Details  of  this  novel  material  have  been  published  by 
Allford  and  others  elsewhere  In  this  paper  an  overview  of  the  material  is  given, 
and  a  specific  application  described. 


NATURE  OF  ENERFOIL®  IGNITION  FILM 

ENERFOIL™  Ignition  film  is  a  variant  of  magnesium  -  polytetrafluoroethene,  PTFE.  It 
is  manufactured  by  the  novel  process  of  physical  vacuum  vapour  deposition.  In  this 
process,  a  sheet  of  PTFE  is  coated  on  each  side  with  magnesium  to  give  a 
sandwich  structure  of  well  controlled  dimensions.  Typically  the  thickness  of  the 
PTFE  film  is  of  the  order  of  25  microns,  and  that  of  the  magnesium,  8  microns  per 
side,  that  being  the  stoichiometric  composition. 

Surprisingly  it  has  been  found  that  the  pyrotechnic  properties  of  the  material  are 
significantly  better  than  that  of  an  identical  chemical  composition  manufactured  by  a 
powder  route.  Allford  has  suggested  that  this  is  due  to  the  lack  of  a  magnesium 
oxide  layer  between  the  magnesium  and  PTFE.  An  oxide  coating  on  the  magnesium 
powder  retards  the  reaction  by  limiting  diffusion  of  oxidising  moieties  toward  the 
metal  in  the  early  stages  of  combustion. 

Standard  hazard  testing  on  the  film  has  been  carried  out  in  our  laboratories,  and  the 
results  are  summarised  in  table  1.  The  direct  and  frictional  impact  data  are 
impressive,  and  the  static  ignition  threshold  ^  for  sustained  burning  is  exceptionally 
high.  Thermal  stability  data  has  been  obtained  that  shows  the  material  to  be 
extremely  insensitive  to  heat.  Together  these  properties  greatly  increase  the 
inherent  safety  of  the  material  during  handling  operations,  over  that  associated  with 
typical  powder  systems. 
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Ballistic  properties  have  been  computed  by  thermochemical  calculations,  and  by 
calculation  from  closed  vessel  combustion  tests.  These  are  summarised  in  table  2. 
The  pyrotechnic  has  a  very  high  flame  temperature  and  heat  of  reaction,  but  a  very 
low  force  constant.  Such  a  combination  of  properties  is  ideal  for  ignition  systems,  as 
there  is  little  generation  of  high  transient  forces  which  can  damage  the  propellant 
grain  or  grain  bed.  Ignition  is  primarily  due  to  the  condensation  of  the  reaction 
products  onto  the  propellant,  with  the  resulting  release  of  large  amounts  of  energy. 


TABLE  1:  HAZARD  AND  SENSITIVITY  DATA 


BAM  Impact  sensitivity 

16J 

BAM  Friction  sensitivity 

>360N 

Static  Ignition  threshold 

20J 

Thermal  stability  by 
DSC 

>450C 

Time  to  ignition  at  550C 

30s 

TABLE  2:  COMPUTED  AND  MEASURED  BALLISTIC  PROPERTIES 


Isochoric  flame 
temperature 

501  OK 

Isobaric  flame 
temperature 

3800K 

Heat  of  reaction 

aiMJ/kg 

Force  constant 

0.165  MJ/kg 

Mass  of  gas  generated 

78%  at  flame  temperature 

0%  at  STP 

Flame  spread  rate 

~1  m/s  at  1 0®  Pa. 

~300m/s  at  1 0®  Pa. 
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Flame  spread  rates  across  the  film  have  been  measured  and  been  found  to  be 
sensitive  to  the  local  pressure  and  geometry.  Flame  spread  across  an  unconfined 
sheet  occurs  rapidly.  Upon  confinement,  the  flame  spread  reaction  becomes  close 
to  sonic,  allowing  the  material  to  be  used  in  flash  tubing,  and  in  applications  where 
uniform  ignition  over  large  distances  is  required. 


METHOD  OF  MANUFACTURE 

The  production  process  used  to  manufacture  the  pyrotechnic  film  has  been  the 
subject  of  intensive  research  over  the  last  three  years.  The  initial  method  proposed 
by  Allford  was  not  well  suited  to  mass  production,  and  ICI  has  developed  a 
reliable  and  robust  production  process  based  on  novel  physical  vapour  deposition 
technology  .  This  technology  combines  the  process  monitoring,  quality 
techniques  and  reproducibility  standards  common  to  the  films  industry  with  the  high 
safety  and  environmental  standards  required  by  the  pyrotechnics  and  automotive 
industries  respectively. 

A  full  scale  production  manufacturing  facility  for  ENERFOIL™  ignition  film  has  been 
constructed  and  commissioned  by  ICI  Explosives  Airbag  Products  Group  at  our 
facility  at  Tamaqua,  PA.,  USA.  Process  development  is  complete,  and  product  will 
be  available  for  supply  from  Quarter  3,  1995. 

USES  OF  ENERFOir  FILM 

In  principle,  the  film  can  be  used  to  replace  any  pyrotechnic  composition  used  in 
ignition,  flash  transfer  or  flare  systems.  It  is  particularly  suited  to  applications  that 
require  the  generation  of  hot  particles.  In  this  respect  it  can  be  used  with  great 
efficacy  in  effecting  the  ignition  of  insensitive  propellant. 

The  nature  of  the  product  lends  itself  to  the  formation  of  self-supporting  structures 
created  through  the  use  of  winding  and  processing  techniques,  common  in  the 
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packaging  and  films  industries.  Thus  it  can  be  configured  into  long  spirals  that  might 
be  introduced  into  propellant  assemblies  as  novel  components.  For  instance,  it  is 
possible  to  load  the  central  conduit  of  propellant  grains  or  propellant-containing 
modules  with  the  film  to  give  abrupt  and  uniform  ignition  along  the  length  of  the 
inner  surface  of  the  grain  or  grain  module.  It  is  ideally  suited  to  the  ignition  of 
generators  commonly  used  in  car  airbag  systems.  In  the  remainder  of  this  paper,  the 
use  of  the  film  in  such  a  fashion  is  described. 

In  the  introduction,  details  were  given  of  the  internal  structure  of  a  passenger  side 
generator  for  automobile  passive  occupant  restraint  systems.  Inside  the  generator 
there  was  an  enhancer  system  used  as  part  of  the  ignition  train.  Given  the  geometry 
of  the  generator,  this  enhancer  was  a  good  candidate  for  replacement  by  a  wound 
roll  of  ENERFOIL™  ignition  film. 

Significant  cost  and  reliability  advantages  accrue  from  the  replacement.  The  film 
itself  is  a  very  cost  competitive  material,  given  the  simplicity,  safety,  and  robustness 
of  the  manufacturing  route.  The  high  quality  standards  inherent  in  the  manufacturing 
process  contribute  to  more  uniform  and  reliable  performance.  Conversion  of  the  film 
into  an  Ignition  enhancer,  by  cutting  and  winding,  is  again  simple  and  highly 
reproducible,  in  marked  contrast  to  the  problems  of  filling  tubes  with  dusty  and 
ill-flowing  powders. 

Initial  enhancer  trials  were  carried  out  in  a  generator  simulator.  The  simulator,  figure 
2,  comprised  a  cylindrical  pressure  vessel,  tapped  to  take  an  igniter  in  one  face,  and 
two  pressure  transducers  in  the  cylinder  wall:  one  close  to  the  igniter  and  one  far 
from  the  igniter.  A  third  transducer  could  also  be  mounted  directly  opposite  the 
igniter. 


Within  the  vessel  there  was  a  charge  volume  compensation  block,  that  was  used  to 
correct  the  free  volume  of  the  simulator  to  that  of  the  generator  being  simulated.  The 
enhancer  itself  was  loaded  into  a  central  conduit  within  the  block. 
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Various  types  of  blocks  were  used  to  alter  the  degree  of  confinement  of  the 
enhancer,  and  hence  model  the  degree  of  resistance  caused  by  the  grain  stack  to 
the  flow  of  the  enhancer  combustion  products  from  the  central  conduit  into  the 
ullage  next  to  the  internal  surface  of  the  bomb.  The  material  of  construction  of  the 
block  could  also  be  altered  to  increase  or  decrease  the  heat  loss  from  the  enhancer 
products  as  they  flowed  into  the  ullage. 
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FIGURE  2 

SCHEMATIC  OF  BALLISTIC  BOMB 


The  enhancer  used  in  the  tests  comprised  about  0.004  kg  of  ENERFOIL™  film, 
wound  into  a  cylinder  roughly  0.22  m.  long  and  0.012  m.  in  diameter.  The  film  was 
pre-treated  by  embossing  to  aid  ignition  and  flame  spread.  The  end  closest  to  the 
igniter  was  spiral  cut  to  aid  ignition  of  each  layer  in  the  roll  An  ICI  Explosives  IGN 
184  igniter  was  used  in  all  experiments  unless  otherwise  indicated. 

The  first  series  of  experiments  concentrated  on  examining  the  effect  of  confinement 
upon  the  combustion  rate  of  the  enhancer.  The  charge  volume  compensation  block 
was  altered  to  give  either  a  large  or  small  open  area  for  gas  flow  into  the  ullage, 
figures  3  and  4  respectively.  The  ballistic  results  clearly  demonstrated  that  the 
combustion  rate  was  greatly  improved  by  confining  the  combustion  products  within 
the  central  conduit,  and  hence  increasing  the  local  pressure.  It  was  also  noted  that 
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for  good  confinement,  the  total  combustion  time  for  the  enhancer  was  of  the  order  of 
2  ms.,  well  within  the  time  required  for  airbag  applications. 


PRESSURE  MPa  PRESSURE  MPa 


Head 

Toe 


FIGURES  FIGURE  4 

Ballistic  performance  in  Ballistic  performance  in 

open  bomb  confined  bomb 

Other  data  collected  in  the  simulator  tests  included  the  effect  of  various  external 
variables  such  as  temperature  and  igniter  strength.  (It  should  be  noted  that  as  the 
geometry  of  the  enhancer  was  being  continually  optimised,  not  all  data  was 
available  for  one  enhancer  geometric  design.  The  effect  is  thus  illustrated  in 
comparative  form  for  the  particular  design  trialled  in  each  test.) 

The  effect  of  initial  temperature  was  examined  by  cooling  the  pre-loaded  ballistic 
bomb  assembly  in  a  freezer  at  temperature  of  238K.  The  bomb  was  removed  and 
the  pyrotechnic  charge  ignited.  The  rate  of  reaction  at  238K  was  found  to  be  slightly 
lower  than  that  at  room  temperature.  The  maximum  pressure  developed  was 
reduced  by  about  20%,  but  the  time  to  maximum  pressure  was  still  short,  of  the 
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order  of  3  ms  as  measured  by  the  axial  gauge,  figures  5,6.  A  small  amount  of 
after-burning  was  seen  as  a  slow  pressurisation  of  the  chamber  at  late  time.  This 
was  thought  to  be  due  to  a  small  fraction  of  the  film  being  almost  extinguished  by 
impact  against  the  cold  wall  of  the  bomb. 
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FIGURE  6 

Ballistic  performance 
238K 

Finally  the  effect  of  igniter  pyrotechnic  charge  mass  was  investigated.  The  standard 
igniter  used  in  the  trials  had  a  charge  of  154  mg  of  powder.  This  was  systematically 
reduced  in  steps  to  50  mg. 

Initially,  as  the  powder  mass  was  reduced,  no  effect  was  observed  in  the  ballistic 
traces  .  However,  for  igniter  charges  of  less  than  100  mg.,  a  progressive  decrease 
in  pressurisation  rate  was  noticed,  figures  7,8.  However,  it  was  found  that  the 
charge  mass  effect  could  be  mitigated  by  optimisation  of  the  geometry  of  the  igniter 
to  enhancer  interface. 


FIGURE  5 

Ballistic  performance 
298K 
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In  practice  igniter  charge  mass  was  not  a  limiting  factor  on  the  use  of  the  film,  and 
successful  tests  were  obtained  with  igniters  with  as  low  a  charge  as  70  mg.  of  boron 
-  potassium  nitrate  composition. 

Once  the  performance  of  the  enhancer  unit  had  been  optimised,  a  live  generator 
test  was  performed.  The  generator  consisted  of  a  stack  of  MICROSAF  propellant 
grains,  pressed  into  thin  annular  disks,  The  disks  were  loaded  into  a  steel  generator 
body  with  integral  filter  system,  as  shown  in  figure  1.  An  ENERFOIL™  film  enhancer 
was  loaded  into  the  central  conduit  formed  by  the  annular  disks,  and  the  generator 
sealed.  A  standard  igniter  as  previously  described  was  used. 


PRESSURE  MPa  PRESSURE  MPa 
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FIGURE  7  FIGURE  8 

Ballistic  performance  Ballistic  performance 

normal  igniter  low  strength  igniter 

The  generator  assembly  was  chilled  to  243  K,  a  common  low  temperature 
operational  specification  for  airbag  gas  generators.  It  was  then  place  in  a  60  I.  tank 
and  a  firing  pulse  applied  to  the  igniter.  Pressure  transducers  were  attached  to 
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record  the  pressure  inside  the  central  conduit  of  the  generator,  and  the  pressure  in 
the  60  i  tank. 

Upon  activation,  prompt  ignition  of  the  generator  occurred,  figure  9.  The  nozzles 
opened  in  about  8  ms,  causing  a  transitory  depressurisation  of  the  generator,  until 
the  combusting  propellant  balanced  the  gas  efiux  at  about  15  ms.  Combustion 
finished  promptly  at  about  70  ms.  The  lack  of  sliver  burn  indicated  uniform  ignition  of 
the  propellant  grains  by  the  enhancer  charge.  The  performance  was  within  the 
specification  required  for  the  system. 
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FIGURE  9 

TYPICAL  GENERATOR  RECORD  AT  243K 


CONCLUSION 

The  use  of  a  novel  film  pyrotechnic  material  in  igniting  propellant  charges  has  been 
described.  The  material  has  been  shown  to  have  unusually  good  safety 
characteristics  compared  to  conventional  powder  pyrotechnic  materials.  The  ballistic 
performance,  in  particular  the  exothermicity  and  speed  of  reaction  has  been  shown 
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to  be  especially  suited  to  the  ignition  of  insensitive  propellant  systems.  A  brief 
outline  of  the  associated  manufacturing  technology  for  film  production,  and 
conversion  into  a  useful  ignition  element  has  been  given. 

Typical  applications  have  been  described.  The  use  of  the  film  has  been  exemplified 
in  the  successful  development  of  an  ignition  enhancer  for  a  gas  generator  used  for 
inflating  passenger  side  passive  occupant  restraint  systems  in  cars. 

ACKNOWLEDGEMENTS 

The  permis-'  rmperial  Chemical  Industries  PLC,  allowing  publication  of  this 
work  is  acknowledged.  Much  of  the  experimental  data  presented  in  this  paper  were 
the  result  of  painstaking  ballistic  measurements  by  R  Lebrun,  M  Logan,  and  B 
Underwood,  their  contribution  is  noted  with  grateful  thanks. 

ENERFOIL™  and  MICROSAF™  are  registered  trademarks  of  Imperial  Chemical 
Industries  PLC. 

REFERENCES 

1 .  Allford  F.,  Patent  filing  PCT  WO  90/10724 

2.  Allford  F.  ,  Place  M.  ,  Proceedings  of  the  15th  International  Symposium  on 
Pyrotechnics,  Boulder,  Co.,  U.S.A,  1990,  p  1-16. 

3.  Gorton,  W.,  Private  communication 

4.  Charlesly  E..  Warrington  S.,  Private  communication 

5.  Chan  S.K.,  Graham  S.J.,  Leiper  G.A.,  Patent  EP050502A1 

6.  Chan  S.K.,  Graham  S.J.,  Leiper  G.A.,  UK  patent  application  9216517.4 


58  -  14 


7.  Chan  S.K.,  Graham  S.J.,  Leiper  G.A.,  Chan  S.K.,  Graham  S.J,  Leiper  G.A.,  UK 
patent  application  9423445.7 

8.  Chan  S.K.,  Graham  S.J.,  Leiper  G.A.,  UK  patent  application  9500719.1 

9.  Baxter  I,  Bishop  C.,  McGee  D.C.,  Wadkins  K.,  UK  patent  application  93230033.2 

10.  Baxter !.,  Bishop  C.,  McGee  D.C.,  Wadkins  K.,  UK  patent  application  9323034 

11. Ailford  F.,  Place  M.,  Proceedings  of  the  15th  International  Symposium  on 
Pyrotechnics.  Boulder,  Co.,  U.S.A,  1990,  p  17-32 

12.  Gorton  W.,  et  al ,  Proceedings  or  the  1995  Conference  of  the  Society  of  Vacuum 
Coaters,  Chicago,  II.,  USA. 

13.  Chan  S.K.,  Graham  S.J.,  Leiper  G.A.,  UK  patent  application  pending 


14 


59-1 


UNTERSUCHUNG  UBER  DEN  REAKTIONSMECHANISMUS  DES  SCHWARZPULVERS  UND  SEINE 
ANWENDUNG 

Takeo  Shimizu 

KOA-Feuerwerk  AG, 350-12  Hidaka-shi,  Japan 
KURZFASSUNG 

Burning  Mechanism  of  Black  Powder  and  its  Applications. 

It  is  said  that  black  powder  is  the  oldest  explosive.  However,  even  at 
present  black  powder  is  one  of  the  most  important  explosives.  The  burning 
reaction  mechanism  of  materials  in  the  mixture  is  yet  obscure.  The  purpose 
of  this  study  is  to  make  the  mechanism  clear  and  to  find  some  applications 
of  it. 

The  burning  reaction  of  black  powder  has  been  for  long  time  denoted  by 
various  formulas  whicti  included  potassium  carbonate  or  sulfate  which  we  can 
find  in  the  ash.  The  author  made  an  effort  to  make  clear  the  formation  of 
such  materials  at  the  burning.  Such  a  method  would  be  the  most  effective 
to  make  clear  the  burning  reaction  mechanism. 

By  experiments  the  author  has  found  that  the  potassium  carbonate  or  sul¬ 
fate  are  formed  not  only  in  the  case  of  black  powder,  but  also  in  the  case 
of  mixtures  of  potassium  nitrate  and  charcoal  or  potassium  nitrate  and  sul¬ 
fur.  It  is  clear  that  the  formation  of  the  potassium  carbonate  or  sulfate 
is  not  peculiar  to  black  powder,  but  to  the  nitate. 

The  ash  holds  both  of  the  substances.  Therefore,  the  reaction  of  the  for¬ 
mation  will  be  not  in  the  vapor,  but  in  the  solid  or  liquid  state.  The 
excellent  ignition  characteristics  of  black  powder  would  be  caused  by  such 
a  reaction. 

Applications  of  the  mechanism  of  the  burning  reaction  of  black  powder 
could  be  found  to  make  ignition  of  some  other  compositions  more  effective. 
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1.  Einleitung 

Schwarzpulver  ist  wegen  seiner. alteseten  Historie  in  dem  Feld  des  Explo- 
sivstoffs  berlihmt.Dennoch  waren  seinen  Untersuchungen  seit  der  •  Erfinung 
des  rauchloses  Pulvers  in  Verfall  gekommen.  Aber,sogar  heutzutage  hat  das 
Schwarzpulver  eigentuhml ichen  Eigenschaften,  die  man  mit  anderen  Expolsiv- 
stoffen  nicht  zu  substi tuieren.  Zum  Beispiel,  sehr  gute  ZUndfahigkeit,  sehr 
hohe  Lebhaftigkei t  Oder  sehr  schwieriges  Feuerlbschen  usw. 

Der  Zweck  dieser  Untersuchung  liegt  darin,  den  obscuren  Abbrennunungs- 
mechanisums  des  Schwarzpul vers  zu  erklaren  und  seine  Anwendung  weiter  zu 
finden. 

In  der  Vergangenhei t  wurde  dieses  Problem  im  19.  Jahrhundert  von  vielen 
Fachmannern  studiert:  Bunsen-Schi schkoff ,  Links,  Karolyi ,  Noble-Abel,  Sarrau, 
Berthelot  und  Debus  usw.  Im  Jahre  1940  in  Japan  arbeitete  Dr.N.Yamaga  an  der 
Berechnung  der  charakteri sti schen  Werte  fUr  Ballistik. 

2^  Analysen  der  Abbrandprodukte  des  Sehwarzpul vers  von  Bunsen,  Karolyi  und 
Noble-Abel,  und  eine  Begrlindung  von  N.Yamaga  daflir 


Die  cheraischen  Zusammensetzungen,  die  von  Bunsen,  Karolyi  und  Noble-Abel 
geprlift  wurden,sind  wie  in  Abb.l  angegeben. 


Zeichen  :  P.:  Waltham-Abbey  Pebble  powder,  R.L.G.:  WalthaiD-Abbey 

Gifle  Large  Gram,  R.F.G.;  Waltham  Abbey  Rifle  Fine  Grain,  F.G.:  WalthL- 
Abbey  Fine  Grain,  S.P.:  Spanish  spherical  pebble  powder,  C.H. 6;  Curtis 
Harvey  No. 6  sporting  powder,  M.P.:  Mining  powder. 


mli 


Kanone  Gewehr 


l.adungsgew1ctit(kg/l  r 


Abb. 2.  Hauptprodukte  bei  den  Abbrennungen  der  Probepulver 
von  Bunsen,  Karolyi  und  Noble-Abel. 


t\bb.2.  zeigt  die  Ergebnisse  der  Prlifung.  Die  Zeichen  an  den  Kurven  zeigt  die 
iauptprodukte.  Es  gab  andere  z.B.  KzS^Oa,  (NH4)4H2(C03)3oder  KSCN,  aber  sehr 
ft/enig.  In  Vergleichung  der  Kurve  vom  Gesamtgewichts  %  der  Asche  mit  der  der 
Sase  kann  man  verstehen,  daB  die  Menge  der  Asche  groBer  war  als  die  der  Gase, 
das  Bergwerkpulver  ausnehmend.  Das  Bergwerkpul ver  hatte  den  kleinsten  Gehalt 
an  Kaliumnitrat  von  alien  pulvern.  Daher  ware  der  Abbrandmechani smus  von  dem 
der  andere  etwas  verschieden.  In  Abb. 2.  befinden  sich  CO2,  CO,  N2.und. 

H2S  als  Gase,  die  man  in  gewbhnlichen  Abbrandreaktion  finden  kann-. -Dagegen 
gibt  es  KzCOa,  K2SO4,  und  KaS  als  Asche,  die  man  in  gewbhnlichen  nicht  leicht 
finden  kann.  Daher  ware  die  untersuchung  der  Entstehungsreaktionen  von  KaCOa, 
K2SO4  und  K2S  der  effektivste  SchlLissel,  den  Abbrandmechani  sums  des  Schwarz- 
pulver:  zu  erklaren. 

Die  Begriindung  des  Abbrandmechani  smus  von  Dr.Yamaga  war  wie  folgt: 
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Erstens  wird  der  Schwefel  durch  das  Kaliumnitrat  oxydiert: 

(1)  2KNO3  +  S  =  K2SO4  +  Nz  +  02  -  0.450  kcal/g 

Wenn  der  Schwefel  ausgeniitzt  wird,  dann  wird  die  Holzkohle  durch  das  Kalium- 
nitrat  oxydiert: 

(2)  2KNO3  +  C  =  KzCOb  +  Nz  +  |o2  -  0.179  kcal/g 

Der  Sauerstoff  von  den  zwei  Reaktionen  (1)  und  (2)  oxydirt  die  Holzkohle: 

(3)  C  +  02  =  COz  -  2.135  kcal/g 

Wenn  die  Holzkohle  nicht  ausgeniitzt  wird,  geht  es  wie  folgt: 

(4)  4K2SO4  +  7C  =  2KzC03  +  2K2S2  +  5C02  +  0.196  kcal/g 
Wenn  der  Schwefel  nicht  ausgeniitzt  wird,  dann  folgt  es: 

(5)  4KzC03  +  3S  =  KzSO^  +  3K2S2  +  4CO2  +  0.066  kcal/g 
Wenn  die  Holzkohle  noch  bleibt,  geht  es: 

(6)  CO  2  +  Hz  (Wasserstoff  aas  Holzkohle)  =  CO  +  HzO  -  0.212  kcal/g 

AuBer  den  obigen  Gleichungen, (1 )-(6) ,  benutzt  man  gewdhnlich  folgende 
Gleichungen,  (7),  (8),  urn  den  Sauerstoffsattingspunkt  einer  Reaktion  zu 
rechnen. 

(7)  2KNO3  +  2.5C  =  K2O  +  N2  +  2.5CO2  +  0.369  kcal/g  , 

(8)  2KNO3  +  2.5S  =  kzO  +  Nz  +  2.5S0z  -  0,100  kcal/g 

Es  ist  sehr  aufmerksam,  daB  sich  Kal iumoxydjKzO,  trotz  sehr  sorgfaltiger 
Analysen  vdh' Fachleute  .befindet  nicht  {Abb, 2). 

3.  Experimentelle  Prllfung 

Die  Experimente  vom  Verfasser  wurden  in  freier  Luft  ausgefuhrt,  urn  die 
Abbrandphanomene  gut  zu  beobachten.  Die  Arten  von  den  Produkten  in  der  Luft 
von  Bunsen  sind  mit  der  im  Hochdruck  von  den  Karolyi  und  Noble-Abel  dieselben 
(Abb. 2).  Daher  ware  der  Abbrandmechani smus  im  niedrigeren  Luftdruck  mit  idem 
im  hdheren  nicht  so  viel  verschieden. 

Die  erste  Frage  :  Die  Entstehung  der  Verbindungen,  Kal iumkarbonat  oder 
Kaliumsulfat  usw,,die  man  bei  der  Abbrennung  der  anderen  Pulvern  nicht  leicht 
bekommen  kann,  ist  beim  Schwarzpulver  sehr  leicht'  wie  in  Abb. 2  ange- 
sehen  wird.  Ist  die  Entstehung  der  Verbindungen  dem  Schwarzpulver,  einem 
Gemisch  von  Kaliumnitrat ,  Holzkohle  und  Schwefel,  eigentumlich? 

Zur  Priifung  diese  Sache  hat  der  Verfasser  iiber  die  Gemische  von  Oxydier- 
stoffe  (  Kalium  -,  Natrium-,  Barium-,  Strontium-,  Oder  Ammoniumnitrat }  und 
Brennstoffe  (  Accroidesharz,  Holzkohle,  Schwefel,  oder  Schv^efel+zufUgende 
Holzkohle)  probiertdabellen  1.  und  2.  und  Abb.3). 
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Tabelle  1.  Die  Abbrennungen  der  Getnische  von  Nitraten  und 
kohlenstoffhaltigen  Stoffen  (Accroidesharz  Oder 
Holzkohle) 


.^^-'■'-'^Nitrat  kNO, 
Brennstoff^---^ 

NftNO, 

Ba(NO,), 

Sr  (NO,),i 

NH4NO, 

Accroidesnarz 

(a)  Menge  des 
Gemisches 

(b)  Menge  der 

9.65g 

10.14g 

10.06g 

10.27g 

9.70g 

Asche 

VerhSltnls 

5.61g  . 

5.00g 

6.23g 

- 

(b)/(a) 

58.1% 

49.3% 

61.9% 

- 

Brenndauer 
Aussehen  der 

19.4s 

18.5s 

■19?2s 

- 

- 

Abbrennung 

langsam 

langsam 

langsam 

nicht 

nicht 

mit  elner 

mit  einer 

mit  einer 

brannte 

brannte 

gelben 

orangen 

gelben 

ab 

ab 

Flanne 

Flamme 

Flanme 

Befund  der 
Existertz  des 
Karbonats  In 
der  Asche 

K,CO, 

Na.CO. 

BaCO, 

- 

Holzkohle! Paul owni a) 

(a)  Menge  des 
Gemisches 

(b)  Menge  der 

10.14g 

10.61g 

9.85g 

10.76g 

10.13g 

Asche 

Verbal tn1s 

3.65 

1.10 

2.28 

- 

0.53 

{b)/(a) 

36.0%  . 

10.4% 

23.1% 

- 

5.2% 

Brenndauer 
Aussehen  der 

34.2s  < 

16.2s 

42.3s 

- 

21.5s 

Abbrennung 

langsam 

langsam 

sehr  langsam  nicht 

langsam 

mit  einer 

mit  einer 

mit  einem 

brannte 

:  liiit  einer 

orangen 

gelb  en 

diinnenLicht 

ab 

durch- 

Flamme 

Flamme 

der  Flamme 

sichtigen 

Befund  der 
ExIStfthz  dies 
Karbonats  In 
der  Asche 

K,CO, 

Na,00, 

BaOOy 

Flanme 

Anmerkunqen  fUr  Tabellen  1  und  2. 

jl)  Gewlchtsverhaitnis  Nitrat/Brennstoff=  80:20  (Tabellen  1  und  2). 

IZ)  GewichtsverhSltnis  NUrat/Schwefel/Holzkohle  =  80:20:5  (Tabelle  2). 
(3)  Analyse  der  Holzkohle(Paulownla) :  Wassergehalt:7.091, 

Asche:4.92*,in  der  14.18*Ca,  13.63%K  fUr  100%  Asche  ent- 
halten  wurden. 


Wie  es  in  der  Tabelle  1.  angegeben  ist,  ist  es  die  allgemeine  chemische 
Tendenz,  daB  ein  Karbonat  entsteht,  wenn  ein  Gemisch  von  Nitrat  und  nicht  nur 
mit  Holzkohle,  sondern  auch  mit  einem  kohlenstoffhaltigen  Stoff  abgebrannt 
wird.  Die  kUrzere  Brenndauer  jedes  Gemisches  zeigt,  daB  die  Entstehuhg  des 
Karbonats  sehr  leicht  geht.  In  der  Tabelle  2  sehen  wir  an,  daB  ein  Sulfat 
schwierig  entsteht,  wenn  ein  Gemisch  von  Nitrat  und  Schwefel  abgebrannt  wird, 
wie  die  sehr  lange  Brenndauer  zeigen.  Wenn  sogar  aber  eine  kleine  Menge  Holz¬ 
kohle  zum  Gemisch  zugefugt  wird,  das  Sulfat  sehr  leicht  entsteht. 
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label le  2.  Die  Abbrennungen  der  Gemische  von  Nitraten  und 
Schwefel  Oder  von  derselben  Gemischen,  wbzu 
eine  kleine  Menge  Holzkohle  zugefiigt  wurde. 


Die  zweite  Frage:  In  welchem  Zustand  brennt  das  Schwarzpul ver  ab? 

Wie  es  in  der  Abb. 3  gezeigt  wird,  bleibt  sehr  vie!  Menge  von  Asche  auf  der 
Abbrennungsflache.  Die  Asche  muD  von  dem  festen  oder  flussigen  Zustand  kommen, 
weil  ob  die  Asche  vom  gasartigen  kommt,  muR  die  Asche  durch  die  Flamme  als 
Rauch  in  die  Luft  entweichen  (s,  auch  Abb. 2  und  label le  2.).  Daher  brennt 
das  Schwarzpulver  ungefahr  halb  in  festem  Zustand  und  ungefahr  halb  in 
flussigem  ab.  Es  bedeutet,  daB  Schwarzpulver  mit  kleinerem  Warmeentweichen 
abbrennt.  Das  verursacht  dem  Schwarzpulver  sehr  gute  ZUndungsfahigkeit . 

Die  dritte  Frage:  Warum  ist  der  Druck-  und  ReibungsprozeB  ans  Gemisch 


Tabelle  3.  Die  Abbrennungen  der  Gemische,  die 

aus  Ho1 zkoh1e(Paulowni a)  und  Kal iumnitrat 
_ _ von  verschiedenen  KorngroSen  entstanden. 

Korngrofle 

des  Nitrats  G4  G5  G6  .  G7 

Menge  des 

Gemisches(a)  22.46g  2i.81g  23.78g  21.22g  20.Z0g  21.70g  19.88g  19.23g 

Lange  des 

Geralsches  95nim  93mni  lOOnim  87nifn  88mm  98mm  94mm  88mm 

Brenngeschwin- 

digkeit(mro/s)  0.84  1.07  3.14  2.93  4,86  5.10  8.39  8.30 

Menge  der 

Asche  (b)  12.41g  ll.Olg  9.38g  9.26g  4.66  4.64  4.31q  2.94q 


Anmerkungen: 

(1)  Die  KorngrbBen  sind  wie  folgt  angegeben: 


FI amme- 


Zeichen 

Siebbffnung 

G4 

0.295  ~  0.208nm 

Reagenz- 

G5 

0.208  ^  0.104mm 

gl  as - 

G6 

0.104  -  0.053nOT 

G7 

<  0.053mra 

Gemi  sch- 

(2)  Das  Gewichtsverhaltnis  von  Kaliumnitrat 
zu  Kohlenstoff  in  den  Gemischen  ist  8:2. 


(3)  Die  KorngrbBe  der  Holzkohle 
gehbrt  zu  G7. 


Abb.  4.  Die  Methode, 
Asche  zu  emp- 
fangen 


beim  Herstellen  des  Schwarzpul vers  nbtig?  Kaliumnitrat  von  vier  Klassen 
der  Korngrofte  wurde  bereit  gemacht  (s.  Anmerkungen  (1)  und  (2)  in  der  Tabelle 
3).  Die  Gemische  vom  Kaliumnitrat  und  Holzkohle{Paulownia)  wurden  abgebrannt 
und  die  Aschen  wurden  analysiert  {Tabelle  3-,  Abb. 5  und  6). 


lOOmn/s 


10*  ■  -I 

I 

L. 

OX  - - ~L -  Omys  5 

65  G6  G7 

0.295-0.208  I  0.104-0,053  I 

0.208-0.104  <0.053nn 

Korngrofle  des  Kaliunmitrats 

des  Kalium- 

dereJts^h^nS^n  und  die  Menge 


0.208-0.104  <0.053flm 

Korngr^rbBe  des  Kalluijuiitrats 

Abb.  6.  Die  Abbrandeffekte  mit  den  KorngroBen  des  Kalium- 
mtrats  II  :  Die  Gehalte  von  Kaliumkarbonat  und 
Kaliummtrit  in  der  Asche. 
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Wie  es  in  den  Abbildungen  5.  und  6.  angesehen  wird,  je  kleiner  die  Korn- 
groBe  des  Kaliumnitrats  wird,  desto  schneller  wird  die  Abbrandgeschwindigkeit, 
weniger  wird  die  Entstehung  der  Asche,  mehr  wird  die  Menge  des  Kal iumkarbonats 
und  weniger  wird  die  Menge  des  Kaliumnitrits  in  der  Asche. Diese  Sache  zeigt, 
daB  die  Abbrandreaktion  mit  aneinander  dichtem  Kontakt  der  Bestandteile 
vollkommen  wird.  Dieser  Mechanisums  ist  besonders  der  Abbrandreaktion  in 
festem  Zustand  eigentUmlich.  Davon  versteht  man  die  Notwendigkeit  des  Druck- 
und  Reibungsprozesses  beim  Herstellen  des  Schwarzpul vers. 

Die  vierteprage:  Woven  kommt  die  ausgezeichnete  ZUndungs-  oderEntzundungs- 
fahigkeit  des  Schwarzpul  vers  kommt?  Zur  Prlifung  wurden  7mm  kubische 
Sterne  bereit  gemacht,  die  aus  verschiedenartigen  chemischen  Zusammensetzungen 
bestanden.  Drei  Probesterne  wurden  jedesmal  in  einem  kleinen  Mdrser  geladen 
und  abgefeuert  {Abb.7).  Die  Zahl  der  Sterne,  die  dabei  entzundet  wurden, ver- 
zeichnet  wurde  (tabellen  4.-9  ).  (S.  auch  die  zweite  Frage!) 


Anmerkungen  zu  Tabellen  4-9  : 

(1)  Die  erste  Kolumne  zeigt  die  Zeichen 
der  Gemische. 

(2)  Die  zweite  Kolumne  zeigt  die  chemischen 
Zusammensetzungen  der  Gemische  im 
Gewichtsverhaltnis. 

(3)  Die  dritte  Kolumne  zeigt  die  Zahl  der 
Sterne,  die  bei  der  Abfeuerung  entzUndet 
wurden:  Die  Zeichen  oder  Ziffern 

X  ,  1,  2,  3  zeigen  jeder  fiir  sich  keine, 
ein,  zwei  und  drei  entziindete  Sterne 
von  den  drei.  Das  Zeichen  *  bedeutet 
eine  verspatete  Entziindung. 

(4)  Die  Wbrter  "gestrichen  auf"  in  der  dritte 
ynd  in  der.funfte  Kolumne  in  der  tabelle 
9.  bedeutet  eine  Konstruktion  der  Probe¬ 
sterne  wie  z.B.  in  Abb. 8  gezeigt  wird. 


Abb.7.  Vorrichtung  fiir  die  Zlind- 
proben  der  Probesterne 


Abb. 8.  Mit  einem  Gemisch  K1 
gestrichener  Stern  Cl. 
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Tabelle  4.  Zundprlifung  der  Sterne  im  Gebrauch: 


die 

Effekte  des 

Zusatzes 

der 

Nitrate 

A1 

A2 

B1 

82 

Cl 

C2 

C3 

C4 

KCIO, 

66 

66 

60.8 

60.8 

68 

68 

68 

68 

KNO, 

- 

5 

- 

- 

- 

11 

- 

NaNOj 

- 

- 

- 

- 

- 

- 

- 

Ba(NO,), 

- 

- 

- 

5 

- 

- 

- 

- 

8r(N0,),-4H,0 

- 

- 

- 

- 

- 

- 

- 

- 

NHhNO, 

* 

* 

■■ 

“ 

Holzkohle 

- 

- 

- 

- 

- 

- 

- 

Accroidesharz 

13 

13 

9.0 

9.0 

13 

13 

13 

13 

Schwe  fel 

- 

- 

~ 

■ 

■ 

5 

5 

K,CO, 

_ 

- 

- 

- 

- 

- 

- 

Na,  COj'HjO 

- 

- 

- 

- 

- 

- 

- 

- 

BaCOj 

“ 

- 

- 

- 

- 

- 

- 

■- 

Sr  CO, 

12 

12 

- 

- 

12 

12 

12 

12 

C  a  C  0, 

- 

- 

- 

- 

- 

- 

- 

- 

CuCO,-Cu(OH  )t 

- 

- 

12.3 

12.3 

- 

- 

- 

- 

CuO 

- 

- 

* 

■ 

■ 

■ 

" 

■ 

K,SO, 

- 

- 

- 

- 

- 

- 

- 

Na,8  0, 

- 

- 

- 

- 

- 

- 

- 

- 

BaSO, 

- 

- 

- 

- 

- 

- 

- 

- 

Sr  SO, 

- 

- 

- 

- 

- 

- 

- 

- 

CaSO,*  V2H,0 

- 

- 

- 

- 

- 

- 

- 

Viny Ichl or  id 

2 

2 

_ 

. 

- 

_ 

_ 

Par  Ion 

- 

- 

13.1 

13.1 

2 

2 

2 

2  . 

KlebreiSBtarke 

5 

5 

4.8 

4.8 

5 

5 

6 

5 

Hal  1. 

X 

3 

X 

X 

X 

3 

X 

1 

2. 

1 

2 

X 

X 

X 

3 

X 

X 

Zahl  des  ^ 

X 

3 

X 

X 

X 

2 

X 

1 

Entzundens  ^ 

X 

2 

X 

X 

X 

3 

X 

X 

5. 

1 

3 

X 

X 

X 

3 

X 

1 

ie  Antwort  wird 

von 

den  Ergebnissen  in 

den 

Tabellen 

1  4-9 

i  ndi 

Oder  direkt  gegeben. 

Tabelle  4:  Durch  einen  Zusatz  von  einiger  Menge  Kaliumnitrat  ergibt  sich 
sehr  gute  Zundfahigkeit  der  Sterne  im  Gebrauch  {A2  und  C2).  Der  Zusatz  von 
Schwefel  vermindert  den  Entzundungseffekt  (C3  und  C4).  Der  Zusatz  von 
Bariumnitrat  ist  ungliltig  (B2). 

Tabelle  5  :M3n  findet  keinen  guten  Effekt. 

Tabelle  6  :Der  Zusatz  von  Kaliumkarbonat  gibt -ei nen  besseren  Effekt, 
noch  gibt  der  von  Natriumkarbonat  den  besten  (E6  und  Ell). 

Tabelle  7:  Schwarzpul ver  gibt  den  besten  Entzundungseffekt  (FSl  und  FS2}. 
Moch  ist  es  bemerkenswert ,  daB  ein  Gemisch  von  Kaliumperchlorat,  Kaliumnitrat 
und  Accroi desharz  (HI)  einen  besseren  Entzundungseffekt  gibt. 
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Tabelle  5.  ZUndprlifung  der  Sterne  im  Gebrauch: 

die  Effekte  des  Zusatzes  der  Nitrate 
Oder  Karbonate 


KNO, 

NaNO, 

Ba(NO,). 

8r(Np,),*4H,0 

NH^NO, 

Holzkoble 
Accroideeharz  9 
Bchwefel 


11  -  10 


9  10  10 
5  5 


13  13  13  13 


12 


K,S04 

Na,80!, 

BaSO, 

8rSO« 

CaS04*l/2H,0 


Tabelle  8:  Einige  Gemische  von  Nitrat  und  Holzkohle  geben  besseren 
Entziindungseffekt  (11  und  13,  die  Kaliumnitrat  Oder  Bariumnitrat  enthalten). 
Die  Gemische  von  einem  Nitrat  und  Schwefel  geben  keinen  guten  Effekt. 

Tabelle  9:  Schwarzpul ver  K1  auf  C3  Oder  ein  Gemisch  von  Bariumnitrat  und 
Holzkohle  K4  auf  Cl  oder  C3  geben  einen  besseren  Effekt.  Aber  K4  wirkt  mit 
Zlindverspatung. 

Durch  die  obigen  Ergebnisse  verseht  man,  daB  ein  Gemisch  von  Kaliumnitrat, 
Holzkohle  und  Schwefel  den  besten  Entzlindungs;-  oder  Zundungseffekt  ergibt. 
Aber  man  kann  bemerken,  daB  ein  anderes  Gemisch  von  Kaliumnitrat  und  Holz¬ 
kohle  den  besseren  Effekt  gibt,aber  noch  ein  anderes  Gemisch  von  Kaliumnitrat 
und  Schwefel  nicht. 
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Tabelle  6.  ZiindprUfung  der  Sterne  der  ftobegemi sche: 
die  Effekte  der  Karbonate  oder  Sulfate 
mit  keinem  Nitrat 


E6 

E7 

E8 

E9 

ElO 

Ell 

E12 

KClOi 

68 

68 

68 

68 

68 

68 

68 

KNO, 

- 

- 

- 

- 

- 

- 

- 

NaNO, 

- 

- 

- 

- 

- 

- 

- 

Ba(NO,), 

- 

- 

- 

- 

- 

- 

- 

8r{N0i),-iH,O 

- 

- 

- 

- 

- 

- 

- 

NH^NO, 

- 

- 

- 

- 

- 

- 

- 

Holekoble 

- 

_ 

_ 

_ 

_ 

_ 

Accroidesharz 

13 

13 

13 

13 

13 

13 

13 

Scbwefel 

- 

- 

- 

- 

- 

- 

- 

K.CO, 

12 

- 

- 

_ 

_ 

_ 

Na,  CO, •HO 

- 

- 

- 

- 

- 

12 

- 

BaCO, 

- 

- 

- 

- 

- 

- 

- 

8  r  CO,  . 

_ 

. 

_ 

_ 

CaCO, 

_ 

12 

_ 

- 

- 

_ 

- 

CuCO,-Cu(OH), 

_ 

_ 

_ 

_ 

. 

- 

CuO 

- 

- 

- 

- 

- 

- 

K,80, 

_ 

- 

_ 

12 

- 

Na,8Q, 

- 

- 

- 

- 

- 

12 

BaSO, 

- 

. 

12 

. 

_ 

_ 

SrSQ, 

- 

_ 

_ 

- 

-  . 

Ca804-a/2H,0 

- 

- 

- 

12 

- 

- 

- 

Viny Ichlorld 

. 

. 

_ 

. 

. 

Par  Ion 

2 

2 

2 

2 

2 

2 

2 

Klebr elss  ta  rke 

5 

5 

5 

5 

5 

5 

5 

Mai  1. 

1 

X 

X 

X 

X 

3 

1 

Zahl  des 

1 

X 

X 

X 

X 

3 

X 

Entzlindens 

2 

X 

X 

? 

X 

3 

1 

4. 

2 

X 

X 

X 

X 

3 

X 

5. 

3 

X 

X 

X 

X 

3 

X 

4.  Diskusslon 

Durch  die  obigen  Ergebnisse  der  Experimente  {label len  4  -9)  verseht  man, 
daft  ein  Gemisch  von  Kal iumnitrat,  Holzkohle  und  Schwefel  den  besten  Ent- 
zundungs-  Oder  Zundungseffekt  ergibt.  Trotzdem  kann  man  bemerken,  daft  ein 
anderes  Gemisch  von  Kal iumnitrat  und  Holzkohle  den  besseren  Effekt  gibt. 
Schwefel  ist  zum  Zweck  der  Entzundung  oder  Ziindung  nicht  wirksam. 

Daher  kann  man  vermuten,  daft  Nitrat  und  Kohlenstoff  oder  Karbonat,  das 
bei  der  Abbrandreaktion  im  festen  Zustand  entsteht,  fur  die  Entzundung 
Oder  Ziindung  wirksam  sind.  Schwefel  oder  Sul  fat,  das  bei  der  Abbrandreaktion 
entsteht, sind  nur  eine  Hitzequelle,  weil  das  Schwefel  bei  der  Reaktion 
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label  1e  7.  ZUndprlifung  der  Sterne  der  Probegemische: 
die  Effekte  des  Schwarzpul vers  Oder  der 
Nitrate 


. 

FSl 

FS2 

HI 

H2 

H3 

H4 

KC104 

- 

- 

77 

77 

77 

77 

KNQi 

75? 

75 

10 

- 

- 

- 

NaNO, 

- 

- 

- 

10 

- 

- 

Ba(NO,), 

- 

- 

- 

- 

10 

■ 

ar(N(^),-4HO 

- 

- 

- 

- 

" 

10 

NH«NQ, 

* 

" 

■ 

" 

Uolakoble 

15? 

15 

- 

- 

- 

- 

Accroidesbara 

- 

- 

15 

15 

15 

15 

Scbwefei 

10? 

10 

* 

“ 

Vlnylcblorld 

- 

- 

- 

- 

- 

- 

Parlon 

- 

- 

2 

2 

2 

2 

Klebrelsstarke 

6 

6 

6 

6 

6 

6 

Mai  1. 

3 

2 

2 

X 

1 

X 

Zahl  des 

3 

3 

2 

2 

3 

1 

3 

EntzUndens 

3 

3 

2 

2 

1 

1 

4. 

2 

3 

3 

X 

1 

1 

5. 

3 

3 

1 

1 

1 

1 

Tabelle  8.  ZUndprlifung  der  Sterne  der  Probegemische, 
die  aus  Nitraten  und  Holzkohle  Oder 
Accroidesharz  entstanden. 

11 

12 

13 

14 

J1 

J2 

J3 

J4 

KCIO4 

- 

- 

- 

- 

- 

- 

- 

- 

KNO, 

80 

- 

- 

- 

75 

- 

- 

- 

NaNO, 

- 

80 

- 

- 

- 

75 

• 

Ba(NO,), 

- 

- 

80 

- 

- 

75 

Br(NO^),*4I^O 

- 

- 

- 

80 

- 

“ 

“ 

75 

NH4NO, 

“ 

" 

- 

“ 

Holzkoble 

20 

20 

20 

20 

- 

- 

- 

- 

Acer oldesbarz 

- 

- 

- 

- 

- 

- 

- 

Bebwe  fe 1 

- 

“ 

- 

- 

25 

25 

25 

25 

Klebrelaatarke 

6 

6 

6 

6 

6 

6 

6 

6 

Mai  1. 

X 

2 

3 

1 

X 

X 

X 

X 

.  2. 

3 

1 

2 

1 

X 

X 

X 

X 

Zahl  des 

.  3. 

3 

1 

2 

1 

X 

X 

X 

X 

EntzUndens 

4. 

3 

2 

3 

1 

X 

X 

X 

X 

5. 

3 

1 

3 

1 

X 

1 

X 

X 

mit  Kaliumnitrat  mehr  Hitze  erzeugt  als  die  Kohlenstoff  mit  Kal iumnitrat. 
Die  Hitze  werde  die  Reaktion  des  Kohlenstoffs  mit  Kaliumnitrat  sehr  schnell 
machen  {Formein  (1)  und  (2)  und  label le  2). 

Zur  Anwendung  des  Abbrandmechanistjms  des  Schwarzpul  vers  rat  der  Ver- 
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Tabelle  9.  Entziindungseffekte  der  Probegemische,  die 
auf  den  Probesternen  gestrichen  waren. 


■ 

K1 

K2 

K3 

K4  ‘ 

K5 

KCIO, 

- 

- 

- 

- 

- 

KNO, 

75 

80 

86 

_ 

NaNO, 

- 

- 

- 

- 

Ba(NO,), 

- 

- 

- 

84 

88 

8r(NCi), -411,0 

- 

- 

- 

- 

NH,NO, 

- 

- 

- 

- 

- 

HolEkoble 

15 

20 

16 

Accroldeebars 

- 

- 

- 

_ 

Scbwe  fel 

10 

- 

14 

- 

12 

Klebreisetarke 

5 

5 

5 

5 

5 

gestrichen  auf 

C'l 

Cl 

Cl 

Cl 

Cl 

Mai  1. 

3 

1 

X 

1* 

2* 

2. 

1 

1 

X 

3* 

3* 

Zahl  des  ^ 

2 

2 

X 

3* 

2* 

EntzUndens  ^ 

1 

2 

X 

2* 

X 

5. 

1 

1 

X 

3* 

3 

gestrichen  auf 

C3 

C3 

C3 

C3 

C3 

-  'Hal  1, 

1 

3 

X 

3* 

1 

2. 

3 

2? 

1 

2* 

2 

Zahl  des  ^ 

3 

2? 

2 

3* 

2 

EntzCndens  ^ 

3 

3 

X 

2* 

2 

5. 

3 

2 

2 

1* 

2 

fasser,  dafi  man  eine  Menge  Nitrat  Oder  Karbonat  in  die  chemischen  Zusammen- 
setzung  zufUgt,  die  Tabellen  4,-9  betreffend,  urn  zu  Zlindfahigkeit  eines 
Gemisches  zu  verbessern. 

Die  Reaktion  des  Schwefels  mit  Kaliumnitrat  (Formel  {!))  geht  sehr  schwer, 
dagegen  geht  die  der  Holzkohle  mit  Kaliumnitrat  (Formel  (2))  sehr  leicht. 
Daher  muB  die  Holzkohle  mit  Kaliumnitrat  erstens  reagieren,  und  dann  das 
Schwefel . 

Sehr  schwieriges  Feuerlbschen  beim  Abbrennen  rides  Schwarzpul vers  kommt 
von  der  aktiven  Asche  wie  z.B.  der  Asche  Kaliumsulfid  enthahlt^^^ 

5.  SchluB  Noch  eine  Frage,  warum  man  einen  guten  Zlindungs-  oder  EntzUndungs- 
effekt  meistens  durch  Zusatz  oder  durch  Entstehung  des  Karbonats  bei  einer 
chemischen  Zusammensetzung  bekommen  kann,  bleibt  chemisch  ungelbst. 

L1eraturen:((1)  Pogg.  Annalen,  cii,  1857,  325.,  (2)  Ann.  d.  Chmie  cix,  1858, 

325,  (2)  Ann,  d.  Chemie  cix,  1858,  53,  (3)  Sir  Andrew  Noble,  Artllery  and 
Explosives.  London,  p.  101-384(1906);  Trans.  Roy.  Soc.  1875,  1879.(4)  • 

N.Yamaga  and  T.Denawa,  Kaheigaku-kaishi ,  1940,  435,  T. Shimizu  FEUERWERK 
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A  STUDY  ON  THE  PYEOTECHNIC  SYSTEM  OF  LC-SL-ATS-Si 

0.  S,  JOSYULU 

IDL  CHEMICALS  LIMITED,  HYDERABAD,  INDIA 


ABSTRACT  : 

The  introduction  of  non  electric  shock  tube  initiating  system 
like  Raydet  DTH  for  down  the  line  applications  and  Raydet  TLD  for 
surface  hook  up  has  opened  a  technology  in  mining  wherein  a 
detonator  is  embedded  at  the  bottom  of  the  bore  hole  in  the 

primary  cartridge.  It  is  a  common  practice  to  use  the  delay 
elements  based  on  chemical  technlogy  coupled  with  lead  tube 
technolgy.  However  in  large  scale  production,  the  problems  like 
lead  coverage  over  the  elements  or  improper  filling  of 


composition  can 

lead 

to 

non  initiation 

of 

detonator, 

which 

is 

highly  unwarranted. 

The 

direct  dosing 

of 

compositions 

on 

the 

initiatory  filled 

shells 

will 

be  helpful  in 

many  ways  to 

overcome 

such  problems. 

In 

this 

connection, 

a 

pyrotechnic 

system 

consisting  of  LC-RL-ATS-Sl  was  studied  for  its  suitability. The 
compositions  were  studied  to  show  the  effect  of  ATS  and  Si  on 
the  burining  time  which  varied  from  50  m.sec  to  1100  m.sec  with  a 
dosing  of  10  cgs.  to  60  cgs.  The  study  includes  the  effect  of 
free  chamber  on  the  burning  characteristics  of  the  compositions 
which  showed  interesting  results  on  the  delay  timings  coupled 
With  binder  effects  on  the  performance.  The  data  and  delay  times 
have  shown  interesting  results  and  these  are  discussed  in  the 
paper  along  with  the  method  of  granulation. 


tout 
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INTRODUCTION  : 

The  development  of  non  electric  initiating  systems  like  Raydets 
and  BIDETS  (nonel  and  anodet)  nave  given  flexiniiity  in 

designing  the  bigger  blasts  with  minimum  inventory.  The  concept 

of  Delay  detonators  will  initiate  successive  holes  at  a  pre¬ 
determined  delay  intervals.  Pyrotechnics  play  an  important  role 

in  giving  various  delay  intervals  like  Hilli  second  and  Half 
second  intervals  in  the  delay  detonators.  In  addition  the 

initaitory  systems  between  the  holes  and  between  the  rows  have 
increased  the  flexibility  of  the  usage  of  non  electric 

detonators.  The  usual  delay  intervals  will  be  either  225/E50m.sec 

or  475/500/525  in  the  bore  hole.  The  use  of  delay  intervals, 
will  help  in  controlling  the  ground  vibrations,  muck  profile, 
fragmentation,  charge  distribution  and  for  conducting  large  scale 
blasts.  In  this  senerio,  the  delay  time  in  the  detonator  plays  an 

important  role. 

The  delay  in  the  detonator  can  be  obtained  by  different  methods. 

The  first  and  fore-most  is  use  of  pyrotechnic  material  which  win 

give  a  delay  by  chemical  burning  of  composition.  This  can  be 
achieved  by  two  methods. 

By  filling  the  pyrotechnic  composition  into  the  lead  tube, 
drawing  lead  tube  to  the  pre-determined  dimensions,  and 
subsequently  cutting,  calibration  and  consolidation  of  the 
composition.  This  process  is  simple  and  is  helpful  in  large  scale 

manufacture.  However,  certain  difficulties  like  void  formation, 
density  variation  from  tube  to  tube  and  variations  in  the 

cutlength  of  the  elements  can  cause  the  scatter  in  delay  timing. 
The  formation  of  blind  elements  where  the  lead  will  flow  and 

cover  the  pyrotech  composition  during  the  consolidation  is  a 
major  concern  for  mal-functioning  of  the  detonator. 


*  IDL  trade  names 
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The  second  method  is  to  fill  the  composition  in  pre-determined 

length  of  aluminium  tubes/sleeves  by  multiple  filling  and 
pressing  operations  and  subsequently  inserting  the  element  into 
the  detonator.  This  requires  more  sophisticated  technology  for 
simultaneous  dosing  of  non  flowy  composition  and  pressing.  It 
can  give  raise  to  problems  like  fall  out  of  composition,  improper 
pressing  and  insertion  defects  etc. 

With  this  background  the  concept  of  direct  dosing  of  delay 

compositions  on  to  the  initiatory  composition  in  the  detonator  to 

obtain  the  necessary  delay  is  a  new  concept.  This  in  turn,  will 
eliminate  ail  the  problems  associated  with  the  lead  tube 

technology  and  the  processed  element  pressing  technology. 

In  this  paper,  a  pyrotechnic  system  was  taken  up  which  can  give 
a  delay  of  500  m.sec  with  direct  dosing. 

Investigation  objective  : 

The  aim  of  this  work  is  to  find  out  a  suitable  composition  to 
give  the  required  delay  timing  (475  m. sec/500  m.sec)  by  direct 


dosing  on 

to 

the 

primary 

explosive  in  the 

detonator.  In  this 

connection 

it 

is 

necessary 

to  know  effect 

of  the  method  of 

preparation,  composition  effect  f  ueJ-oxldiser  ratio,  free  space 
chamber,  nature  of  binder  and  method  of  granulation. 

Tested  compositions  : 

Pyrotechnic  compositions  were  made  from  the  fuel  oxidlser  system, 
Lead  Chromate,  Red  Lead,  Antimony  tri  sulphide,  Silicon.  All  the 
materials  are  in  powder  form  passing  through  200  BSS.  The  various 
compositions  are  given  in  Table  Ho.l 
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TABLE  NQ.l 


Weight 

proportions  of 

composition 

LC 

RL 

ATS 

Si 

Binder 

60 

15 

25 

15 

BA 

40 

35 

20 

15 

BA 

50 

25 

20 

15 

BA 

50 

25 

10 

20 

BA 

20 

50 

0 

30 

BA 

75 

25 

0 

15 

BA 

50 

25 

10 

20 

BA 

50 

25 

10 

15 

BA 

50 

25 

10 

10 

BA 

50 

25 

10 

15 

B 

0 

70 

15 

15 

BA 

0 

70 

15 

15 

IPA 

75 

0 

25 

10 

- 

20 

50 

0 

30 

- 

Binders  are  Butyl  acetate  (BA),  Bentonite  (B),  isopropyl  alchohol 
(IPA). 


Experiaent  ; 

The  at)ove  materials  are  taken  in  different  weight  proportions  and 
premixing  was  carried  out  employing  the  angular  mixer.  Different 
hinders  like  butyl  acetate.  IPA,  Bentonite  were  added  and 
granulation  was  carried  out  on  the  BSS  18  sieve  maintaining  the 
moisture  ratio  of  18-E0x  and  dried. 

Detonator  shells  of  different  lengths  (47  mm  to  77  mm)  of  normal 
diameter  l.e.  OD  of  7.2  mm  and  ID  6.4  mm  with  PETN/ASA  as  base 
charge  and  initiatory  charge  were  taken  and  the  granulated 
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njaterial 

was 

dosed 

on  to 

the 

initiatory  char^ge 

and  pressed  at 

80  Rg. 

load. 

Tbe 

pyrotechnic 

composition 

was 

initiated 

with 

electric 

squib. 

Tbe 

delay 

times 

so  obtained 

are 

given  in 

table 

Table  No.2. 


Table  Ho. 2 

Delay  time  vs.  dosages  of  compositions 


Composition 

quantity 

average 

75/0/25/10 

20  cgs  +  IC 

51  4 

75/0/25/10 

51  cgs  +  IC 

865 

75/0/25/10 

31  cgs  +  IC 

7  1  9 

75/0/25/10 

20  cgs  +  IC 

5  1  3 

75/0/25/10 

20  cgs  +  IC 

51  5 

75/0/25/15 

20  Cgs  +  IC 

473 

75/0/25/15 

26  Cgs  +  IC 

494 

75/0/25/15 

26  Cgs  +  IC 

543 

60/15/25/15 

20  Cgs  +  IC 

60  5 

60/15/25/15 

20  Cgs  +  IC 

5  9  6 

60/15/25/15 

30  Cgs 

7  2  9 

40/35/20/15 

20  Cgs  +  IC 

2  32 

40  Cgs  +  IC 

30  0 

50/25/20/15 

40  Cgs  +  IC 

300 

47 

mm 

40  Cgs  +  IC 

521 

57 

mm 

40  Cgs  +  IC 

509 

59 

> 

mm 

40  Cgs 

388 

47 

mm 

40  Cgs 

570 

59 

mm 

40  Cgs 

673 

77 

mm 

50/25/10/25 

32  Cgs  +  IC 

280 

57 

mm 

38  Cgs  +  IC 

345 

57 

mm 

40  cgs  +  IC 

374 

57 

mm 

50/25/10/20 

40  cgs 

189 

59 

mm 

50/25/10  (V)/20 

40  Cgs 

84 

59 

mm 
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The  delay  time  was  measured  using  an  electronic  timer  employing 
the  electronic  circuitry  which  will  be  actuated  by  a  firing  pulse 
and  stopped  by  a  sound  signal  from  the  detonator. 

Theory  :  , 

Earlier,  the  system  RL,  F*e  ^  O3  Si  was  studied  The  gasless 

compositions  RL,  Fe^  Si  were  identified  to  burn  uneffected  with 
gas  pressure  as  pyrotech  delay  in  the  detonator  shell.  However, 


the 

addition 

of 

ATS 

in  place 

of  Fe^  Oa, 

,  enhances  the 

gas  generation 

and 

the 

addition 

of 

LC  will 

complicate 

the  burning 

phenomena.  The 

addition 

of 

LC 

will 

help  to 

achieve 

higher  delays. 

The  probable 

mechanism  is  (unbalanced  equations). 

1.  Si  - >  Pb03_^-  S102_ 

a.  Sb^S3+  Oa_  - >  so^  +  Sbjj^03 

3.  PbCrO^+  Si  - >  PbO  +  Cr^  +  SlO,2_ 

4,  PbCrO^  +  Pbo^  4-  Sb„  Sa+  Si  - > 

^  3  A  Q.  3 


PbO  -»■ 

'X 

SlO^  + 

SO^  .  Sb^O^. 

PbO 

+  Cr^  0  - +  Pb 

The  amount  of 

gas 

generation  in 

the 

present  context 

is 

significant 

and  it 

shows 

an  effect  on 

the 

burning  time.  In  this 

connection, 

the  effect  of 

the  free  space 

in 

the  detonator  and 

the 

quantity  for  required  delaytime  become  significant  along  with  the 
shell  material  properties  to  withstand  the  sudden  spurt  in  the 
gas  generation  and  flame  sensitivity  of  the  composition. 

Delay  lime  vs  dosing  quantity  : 

The  delay  time  depends  on  the  burning  of  the  composition  and  the 


quantity 

of  the  material  forming 

the 

layer. 

in 

delay 

composition 

burning 

propogates  by  relgnition 

from 

layer 

to 

layer 

along  the 

burning  path  and  therefore  depends  on  the  thermal  conductivity  of 


mixture. 
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Addition  of  active  materials  can  increase  tne  neat 

transfer  through  the  mix  and  hasten  the  reaction.  increased 

contact  between  the  reactions  accelarate  the  solid  reaction  due 
to  diffusion  in  lattice  components.  stoichiometry,  heat  of 

reaction  and  burning  rate  are  inter  related. 

The  delay  times  so  obtained  will  depend  on  the  quantity  of  the 
material.  The  higher  quantity  can  give  rise  to  longer  delays.  But 
linearity  can  not  be  seen  with  increased  dosing  quantity  due  to 
many  factors,  {i.e.)  the  gas  generated  by  the  reactants,  the  free 

chamber  area,  the  binder  effect,  the  conducting  media. 

From  the  Table  Z,  it  is  observed  that  delaytime,  increased  with 

the  quantity  of  composition.  The  composition  50/25/10/15  gave  280 
m.sec  at  32  cgs.dosing  to  518  m.sec  at  48  cgs  dosing.  Similarly 

75/0/25/10  gave  514  m.sec  at  20  cgs.  level  to  719  m.sec  at  31 
cgs.  level.  Another  important  factor  to  be  considered  is  it  is 
always  better  to  obtain  the  negative  delay  time  with  higher 
dosages  as  it  accomodates  the  variations  in  the  volumetric 

filling  of  composition. 

Flame  sensitivity  : 

Another  factor  which  effects  is  ability  of  the  composition  to 

pick  up  from  the  spit  of  the  squibs.  If  the  flame  sensitivity  and 

continuous  burning  of  compositions  are  not  satisfactory  then  all 
the  effort  is  lost.  These  compositions  are  of  slow  burning  nature 

hence  the  response  to  the  spit  is  marginal.  The  burning  can  be 
hastened  by  adding  a  flame  sensitive,  gasless  composition  on  the 

top  of  the  pyrotech  composition.  The  data  in  the  table  No.2 

indicate  that  the  IC  hastenes  the  reaction  as  is  seen  in  case  of 
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composition  60/15/25/15  ancJ  50/25/20/15.  The  IC  ensures  for 
continuous  flame  propogatlon  in  the  composition  by  giving  proper 
Initial  stimulus  -  for  initiation. 

Heat  transfer  of  tlie  material  : 

The  ATS  in  the  composition  acts  like  an  inhibitor  and  also  as 
fuel.  The  addition  of  Tungston  (W)  in  place  of  ATS  will 
definitely  enhances  the  thermal  conductivity  by  making  it  a 
faster  burning  composition.  The  delay  time  ATS  was  169  m.sec. 
while  it  is  84  m.sec  in  case  of  Tungston  (W).  (Table  2). 


Effect 

of 

free 

space  in 

the 

detonator 

i 

t 

In  the 

detonator  between 

the 

squib  and 

the  pyrotechnic  material  a 

free  space 

is 

available.  This 

free  space 

varies  with  the  varying 

length 

of 

shell 

(i.e)  from 

47 

mm  shell 

to  77  mm  shell.  The  delay 

compositions  are  basically  gas  generating  and  the  free  space 


available 

plays  an 

important 

role 

on  the 

burning 

of 

the 

compositon. 

The  more 

free  space 

can 

accomodate 

the  gas 

and 

the 

gas  pressure  on  the  burning  of  the  composition  Is  less 


significant. 

The 

smaller  gap 

Will 

definitely 

hasten 

the  burning 

and 

faster 

delay 

time  can  be  obtained.  However, 

a  criticality 

exists 

where 

the 

gas  can  not 

be 

accomodated 

and 

the  shell  can 

burst 

leading 

to 

total  failure. 

The 

results  in 

Table 

3  shows  that 

the  free  chamber  volume  effects  the  delaytime. 

The  effect  of  pressure  on  the  burning  of  BaCr  ,  KCIO^  ,  Fe^  O3 

7 

system  was  studied  by  Lucas  R.  Lopez  etai  .  They  concluded  that 


the  composition  exhibit 

an  approximately  20 

-257.  decrease 

in 

the 

burning 

time  with 

1  atm 

.  Increase  in  external  pressure. 

As 

the 

pressure 

increases, 

,  the 

reactive  gases  are 

held  closer 

to 

the 

reaction 

surface, 

thereby 

increasing  energy 

transfer  back 

in 

to 

the  composition  with  subsequent  decrease  in  burning  time. 
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Secondly,  the  presence  of  more  ATS  can  generate  Higher  volume  of 
gas  leading  to  slowing  down  the  composition.  The  ATS  will  act  as 
an  Inhibitor  in  this  context. 

Table  No,  3 

Shell  length  in  delaytime  in  the  composition 


LC/HL/ATS/Sl  LC/RL/ATS/Sl 

50/25/20/15  (40  CgS  +  5  CgS  IC)  50/25/10/15 


Shell  length  47  mm 

388 

57 

mm 

2  7  5 

57  mm 

521 

59 

mm 

325 

59  mm 

570 

65 

mm 

401 

77  mm 

67  3 

Effect  of  silicon  on  the  burning  ; 

In  the  system  LC,  EL  act  liKe  oxidiser  while  ATS  will  play  an 

active  role  llKe  inhibitor.  The  Silicon  is  the  fuel.  The  higher 
concentration  of  Silicon  lead  to  fasten  the  reaction  also 

contributing  to  higher  heat  coefficient,  A  variation  of  lo  to  20x 
of  silicon  contributes  the  delay  time  to  vary  from  442  to  189 

m.sec.  Similarly,  LC  and  EL  both  act  as  oxidants  but  EL  generates 

less  gas  and  burns  faster  compared  to  LC.  A  reduction  of  EL  in 
the  composition  enhances  the  delay  time.  This  is  evident  from^  the 
results  in  Table  4. 


Effect  of 

LC/RL/ATS/Sl 

50/25/10/20 

50/25/10/15 

50/25/10/10 

75/0/25/15 

75/0/25/10 


Table  NO.  4 

silicon  and  LC  on  delay  times 
Delay  time  in  47  mm  shell 
189  m.sec 
345  m.sec 
442  m.sec 
438.3  m.sec 
513  m.sec 
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Effect  of  binder/granulation  ; 

The  binder  has  a  unique  role  in  the  surface  contact  of  the 
ingredients.  The  binder  if  inactive  can  inhibit  the  burning 
between  the  fuel  oxldiser  causing  it  to  slow  down.  In  the  direct 
dosing  the  binder’s  role  Is  significant.  The  composition  being 
powdery  nature  is  non  flowy.  The  density  differences  in  Si  &  RL 


can 

cause  segregation 

and  inhomogenlty  in 

the 

composition 

leading 

uncontrollable  delay 

timing-  Proper  binder 

is 

necessary 

so  that 

the 

composition  can 

be  made  into  loosely 

bound 

flowable 

granules, 

which  can  be  crumbled  under  pressure.  The  data  confirms  the 
significant  role. 


Table  No.  5 

Effect  of  binder  on  the  delay  time 


Binder 

LC/RL/ATS/Sl 

Delay 

time  noticed 

Dry  mix 

75/0/25/10 

250 

m.sec 

BA 

75/0/25/10 

514 

m.sec 

dry  mix 

0/70/15/15 

very 

fast 

BA 

0/70/15/15 

45 

m.sec 

IPA 

0/70/15/15 

60 

m.sec 

Bentonite 

0/70/15/15 

60 

m.sec 

as  dry  mix 

20  cgs. 

20/50/0/30 

10 

m.sec 

as  compacted 
element  25  mm 
length 

20/50/0/30 

150m. sec 

as  granules 

20/50/0/30 

63 

m.sec 

Bentonite  ix 

50/25/10/15 

441 

BA 

50/25/10/15 

275 

m.sec 
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CONCLUSIONS  : 

From  this  study  the  following  conclusions  can  he  drawn  : 

1.  The  LC/RL/ATS/Si  IS  suitable  to  achieve  higher  delays  hy 

direct  dosing  technique. 

E,  It  is  always  proper  to  select  a  suitable  ratio  when  higher 
delay  time  can  be  obtained  with  larger  dosing  of  composition 
to  nullify  the  variations  in  volumetric  filling  of  compo¬ 
sition, 

3.  Granulation  of  the  composition  is  a  must  for  free  flowy 

nature  of  the  composition. 

4.  The  composition  should  be  developed  as  per  the  need  and 

length  Of  the  shell. 
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Abstract 

The  catalytic  effect  of  iron(III)  oxide  on  the  burning  rate  of  an  aluminized 
HTPB/AP  composite  propellant  with  a  constant  solid  content  of  87  %  by  weight  was 
studied.  Two  types  of  well  characterized  iron(III)  oxides  with  different  specific  surface 
area  were  added  to  HTPB/AP  propellant  in  various  amount.  The  burning  rate,  viscosity 
and  mechanical  properties  of  the  samples  were  measured  and  evaluated  for  studying 
the  catalytic  effect.  The  binder  percentage  of  the  propellant  and  the  amount  of  metallic 
fuel  were  kept  constant.  The  distribution  of  AP  was  bimodal  with  a  constant  ratio 
between  the  coarse  (200  pm)  and  fine  (5-7  pm)  particles.  The  iron(III)  oxide  content 
was  the  only  parameter  varied  in  the  range  of  0-2  %  by  weight  which  replaced  for  the 
equal  amount  of  AP.  The  cured  samples  were  tested  for  their  mechanical  properties  at 
room  temperature  and  with  a  cross-head  speed  of  50  mm/min.  by  a  conventional 
uniaxial  testing  system  (INSTRON).  The  burning  rates  of  the  propellant  were 
measured  by  firing  of  2-inch  motors  or  by  an  home  made  Crawford  Bomb  testing 
system  at  25°C  under  variable  pressure  (20  -  140  kg/cm^).  The  burning  rate  and  the 
pressure  exponent  of  the  propellant  were  found  to  increase  with  the  increasing  iron(III) 
oxide  content  of  the  propellant.  The  catalytic  activity  of  the  iron(III)  oxide  was  found 
to  be  dependent  on  its  particle  size  and  surface  area.  The  mechanical  properties  and 
viscosity  of  the  propellant  were  affected  slightly  by  the  increasing  weight  percentage 
of  iron(III)  oxide. 


Introduction 

Transition  metal  oxides  (TMO)  are  known  to  promote  the  thermal 
decomposition  and  deflagration  of  ammonium  perchlorate  (AP)  and  the  combustion  of 
AP-composite  solid  propellants/^’"^  The  mechanism  of  the  catalyzed  combustion  of 
solid  propellants  is  not  fully  understood.  However,  it  has  been  shown  that  the  catalytic 
activity  of  transition  metal  oxides  is  mainly  in  the  gas  phase  and  transition  metal  oxide 
promotes  the  electron  transfer  process  which  lowers  the  activation  energy  of  the 
exothermic  decomposition  of  the  gaseous  perchloric  acid  and  ammonia  formed  by  a 
proton  transfer  reaction  from  the  ammonium  cation  to  the  perchlorate  anion  at  the 
surface  of  the  solid  propellant/^^  Much  work  has  been  done  to  study  the  catalytic 
activity  of  various  transition  metal  oxides  on  the  combustion  of  different  AP-based 
solid  propellants  as  well  as  of  oxidant  and  binder.  A  differential  thermal  analysis 
(DTA)  study  on  the  decomposition  of  AP  has  shown  that  the  presence  of  1%  transition 
metal  oxides  reduces  the  decomposition  temperature  in  the  order  C02O3  >  Mn02  > 
Ni203  >  Fe203.  However,  the  combustion  rate  of  AP  has  been  found  to  be  affected 
only  by  Fe203  and  Mn02.  In  the  same  study  the  combustion  rate  of  a  CTPB-based 
propellant  has  been  found  to  be  affected  by  the  presence  of  1%  transition  metal  oxide 
in  a  similar  order  Ni203  ^  Fe203  >  MnOj «  C02O3  while  for  a  AP/PS-propellant  the 
order  has  been  found  to  be  Fe203  >  C02O3  >  Ni203  >  Mn02.  A  nice  correlation 
between  the  thermal  decomposition  and  the  burning  rate  in  AP/HTPB  propellants  has 
recently  been  reported.^^^  The  burning  rate  of  the  AP/HTPB  propellants  follows  the 
same  order  of  the  catalytic  effect  of  the  transition  metal  oxides  as  observed  in  its 
catalyzed  thermal  decomposition.  From  these  results  it  is  evident  that  the  catalytic 
effectiveness  in  the  propellant  decompositon  is  different  than  that  observed  for  AP. 
Therefore  one  anticipates  the  decomposition  of  the  binder  to  be  affected  by  the 
presence  of  transition  metal  oxide.  Indeed  a  mass  spectrometric  study  of  the  catalytic 
effect  of  iron(in)  oxide  on  the  HTPB/AP  system  has  shown  that  the  transition  metal 
oxide  catalyzes  not  only  the  decomposition  of  AP  but  also  the  degradation  of  HTPB.^^^ 

Iron(III)  oxide  is  one  of  the  commonly  used  burning  rate  catalyst  for  the 
HTPB/AP  propellants. The  particle  size  of  iron(III)  oxide  has  been  found  to  affect 
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its  catalytic  activity  on  the  burning  rate  of  the  propellant.^^*^’"^  Although  the  surface 
area  of  the  catalyst  is  expected  to  affect  the  burning  rate  of  both  the  binder  and  the 
oxidizer,  experiments  showed  that  the  calcination  of  iron(IIl)  oxide  does  not  influence 
the  combustion  of  Here  we  would  like  to  report  our  study  on  the  catalytic 

effect  iron(III)  oxide  on  the  burning  rate  of  an  aluminized  HTPB/AP  composite 
propellant.  Two  types  of  well  characterized  iron(III)  oxides  with  different  specific 
surface  area  were  added  to  the  aluminized  HTPB/AP  composite  propellant  in  various 
amount.  The  burning  rate,  viscosity  and  mechanical  properties  of  the  samples  were 
measured  and  evaluated  for  studying  the  catalytic  effect. 


Experimental 

The  propellant  tested  is  an  aluminized  HTPB/AP  composite  propellant  with  a 
constant  solid  content  of  87  %  by  weight.  The  binder  percentage  of  the  propellant  was 
kept  constant  throughout  the  study.  The  amount  of  metallic  fuel,  aluminum,  which  is 
the  most  important  parameter  affecting  the  specific  impulse  was  kept  constant  at  18  % 
as  well.  The  distribution  of  AP  was  bimodal  with  a  constant  ratio  between  the  coarse 
and  fine  particles.  The  coarse  particles  were  200  pm,  and  the  fine  particles  were  m  the 
range  5-7  pm  in  size.  The  fine  particles  were  prepared  by  grinding  the  coarse  particles 
and  measured  in  size.  The  only  parameter  varied  was  the  iron(III)  oxide  content  which 
replaced  for  the  equal  amount  of  AP.  The  iron(IIl)  oxide  content  of  the  propellant  was 
varied  in  the  range  of  0-2  %  by  weight.. 

The  propellant  was  prepared  by  mixing  AP,  binder,  aluminum  and  the  other 
additives  in  batches  followed  by  casting  into  the  samples  and  curing  at  65°C  for  7 
days.  The  viscosity  measurements  of  the  propellant  samples  were  carried  out  at  65  C 
after  the  addition  of  curing  agent  by  a  Brookfield  viscosimeter  with  spindle  Nr.  7  at  10 
rpm. 

The  burning  rates  of  the  propellant  were  measured  by  firing  of  2-inch  motors  or 
by  using  a  Crawford  Bomb  testing  system  at  25‘’C  under  variable  pressure  (20  -  140 
kg/cm^).  The  results  of  two  methods  were  found  to  be  in  good  agreement. 
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The  cured  samples  were  tested  for  their  mechanical  properties  at  room 
temperature  and  with  a  cross-head  speed  of  50  mm/min  by  using  a  conventional 
uniaxial  testing  system  (INSTRON).  Particle  sizes  of  the  used  powders  were 
determined  on  a  Quanta-Sorb  Surface  Area  Analyzer  of  Quantachrome,  Eurasburg, 
Germany. 

The  X-ray  powder  pattern  of  the  iron  (III)  oxide  samples  were  recorded  on  a 
HUBER  642  Guinier  powder  difractometer  combined  with  a  generator  Enraf  Nonius 
Delft  Difffactis  582. 

Two  different  Iron(III)  oxides,  denoted  as  FejOs-M  and  FesOa-B,  were 
purchased  from  Merck  Darmstadt,  Germany  and  from  BASF  Ludwigshafen,  Germany, 
respectively. 


Results  and  Discussion 

Both  of  the  two  iron(III)  oxide  samples  gave  the  same  powder  pattern  on  the  x- 
ray  difractometer.  Their  analysis  showed  that  both  of  them  have  the  hematite  structure 
(a-Fe20j,  Rhombohedral,  R3c)  .  However,  they  differ  in  color,  Fe203-M  is  red  and 
Fe203  -B  is  brown.  The  difference  in  the  color  is  attributed  to  the  differences  in  their 
particle  sizes.  Indeed  the  average  particle  sizes  were  found  to  be  about  7  micron  for 
Fe203-M  and  smaller  than  1  micron  for  Fe203-B.  In  consistent  with  the  particle  size, 
the  BET  surface  area  were  determined  to  be  1.65  mVg  for  Fe203-M  and  18.0  mVg  for 
Fe203-B.  The  densities  of  both  iron(III)  oxide  samples  were  found  to  be  5.24  g/cm^. 

The  mechanical  properties  of  the  propellant  samples  were  found  to  be  affected 
by  increasing  weight  percentage  of  iron(III)  oxide.  Both  the  strain  and  the  stress  values 
decreased  with  the  increasing  amount  of  iron(III)  oxide  in  the  propellant.  However,  the 
variations  in  both  of  the  mechanical  properties  remained  within  the  acceptable  range 
(40-50%  for  the  strain  and  0. 10-0. 12  kg/mm‘). 

The  change  in  the  slurry  viscosity  of  the  propellant  mixture  at  65°C  was 
monitored  by  using  a  Brookfield  viscosimeter.  The  addition  of  iron(III)  oxide  increases 
the  slurry  viscosity  of  the  propellant  as  expected  for  a  solid  additive.  However,  since 
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the  iron(III)  oxide  replaces  another  solid  ingredient  (AP)  the  change  in  the  viscosity 
with  the  increasing  weight  percentage  of  iron(III)  oxide  is  not  large  and  remains  within 
the  acceptable  range  (The  increase  in  the  slurry  viscosity  after  3  h  is  less  than  50  %  of 
its  initial  value). 

Figure  1  and  2  show  the  variations  in  the  burning  rate  with  the  pressure  for  the 
HTBP/AP  propellant  samples  containing  various  amount  of  iron(ni)  oxide.  All  the 
values  of  the  burning  rates  were  fitted  by  the  method  of  least  squares  to  an  exponential 
function  defined  by  the  Vielle’s  equation,  r  =  aP^  where  r  is  the  burning  rate  in  cm/s, 
P  the  pressure  in  kg/cm-  and  n  the  pressure  exponent;  the  nonlinear  correlation 
coefficients^^^^  were  found  to  be  greater  than  0.985.  The  comparison  of  these  two 
figure  indicates  that  two  types  of  iron(III)  oxide  have  noticeably  different  catalyzing 
effect  on  the  burning  rate.  In  order  to  appreciate  this  difference,  the  burning  rates  at  a 
pressure  of  65  kg/cm^  were  plotted  against  the  iron(III)  oxide  content  for  the  both 
types  in  Figure  3.  From  this  graphic  one  can  immediately  see  that  the  Fe203-B  gives 
remarkably  higher  burning  rates  than  Fe203-M  does  at  the  same  concentration.  The 
main  causes  for  this  significantly  great  difference  in  the  catalytic  activities  of  two 
types  of  iron(III)  oxides  are  obviously  the  particle  size  and  the  specific  surface  areas. 
Recall  that  the  specific  surface  area  is  18  mVg  for  Fe203-B  and  1.64  mVg  for  Fe203-M. 
By  comparison  of  the  graphs  in  Figure  1  and  2,  it  is  interesting  to  note  that  the 
propellant  containing  1.0  %  Fe203-M  has  almost  the  same  trend  as  the  sample  with 
0.08  %  Fe203-B  with  respect  to  the  burning  rate. 

In  composite  solid  propellants,  the  three  key  ballistics  parameters  are  the 
specific  impulse,  the  density,  and  the  burning  rate.  The  latter  parameter  depends  upon 
pressure.  This  pressure  dependence  is  most  conveniently  expressed  by  the  pressure 
exponent  referred  to  as  n  value  or  combustion  index  in  Vielle’s  law  which  enables  the 
expression  of  burning  rates  at  varying  pressure  range.  The  pressure  exponent  has 
usually  the  values  between  0.3  and  0.7  for  the  composite  solid  propellants  excluding 
the  ones  with  very  high  burning  rates.  The  n  values  for  the  propellant  samples  were 
elucidated  from  the  best  curve  fitting  of  the  burning  rates  versus  pressure  data  in 
Figure  1  and  2.  The  n-values  obtained  in  this  way  were  plotted  against  the  iron(III) 


oxide  content  of  the  propellant  (Figure  4).  As  one  can  see  from  Figure  4,  the  n-value 
increases  almost  linearly  with  the  increasing  percentage  of  iron(III)  oxide  for  both 
types  in  the  range  of  0  -  1  %  Fe203.  However,  the  slope  of  line  is  found  to  be  larger  for 
than  that  for  Fe203-M.  This  can  also  be  attributed  to  the  larger  surface  area  of 
Fe203-B.  Of  course,  it  must  be  kept  in  mind  that  there  are  many  other  factors  affecting 
the  n  value  of  a  composite  propellant,  e.g.,  the  particle  size  distribution  of  the  oxidant 
and  the  metallic  fuel.  Since  all  of  the  other  parameters  were  kept  constant  in  the 
preparation  of  the  propellant  samples  the  observed  increase  in  the  n-value  with  the 
increasing  weight  percentage  of  iron(III)  oxide  provides  an  additional  access  to  tune 
the  pressure  dependence  of  the  burning  rate. 

Conclusion 

Two  types  of  well  characterized  iron(in)  oxides  with  different  specific  surface 
area  were  added  to  HTPB/AP  propellant  in  various  amount.  The  burning  rate,  viscosity 
and  mechanical  properties  of  the  samples  were  measured  and  evaluated  for  studying 
the  cataljdic  effect.  The  burning  rate  and  the  pressure  exponent  of  the  composite  solid 
propellant  increase  with  the  increasing  weight  percentage  of  iron(III)  oxide  as 
anticipated.  Furthermore  the  catalytic  effect  of  iron(III)  oxide  on  the  burning  rate  of  a 
HTPB/AP  propellant  was  found  to  be  dependent  on  the  surface  area  of  the  catalyst. 
The  catalysis  has  shown  to  proceed  through  an  electron  transfer  process  whereby  the 
decomposition  of  the  oxidant  is  activated.  The  contact  of  the  oxidant  with  the  iron(III) 
oxide  particles  is  essential  for  the  cataljdic  activity  either  in  the  solid  or  in  the  gaseous 
phase.  Therefore  increasing  surface  area  of  the  catalyst  enhances  its  activity. 
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Figure  1  Burning  Rate/Pressure  curves  for  the  propellant  samples  containing  Fe203-M 
in  various  weight  percentage. 
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Figure  2  Burning  Rate/Pressure  curves  for  the  propellant  samples  containing  Fe203-B 
in  various  weight  percentage. 


Pressure  Exponent 


Fe203% 


Figure  3  The  Burning  Rate  as  a  function  of  the  weight  percentage  of  iron(III)  oxide 
in  the  solid  propellant  at  a  constant  pressure  of  65  kg/cm^. 
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Figure  4  The  pressure  exponent  as  a  function  of  the  weight  percentage  of  iron(III) 
oxide  in  the  solid  propellant. 
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IGNITION  OF  PYROTECHNICS  SYSTEMS  BY  IRRADIATION 
Igor  G.  ASSOVSKII 

Semenov  Institute  of  Chemical  Physics  RAS 
Kosygin  St.  4,  Moscow  117334,  RUSSIA 
E-mail:  Assov@sms.ccas.msk.su 
Fax:  (7  095)  938  2156 

The  purpose  of  this  review  paper  is  an  analysis  of  critical  phenomena  by  interaction 
of  pyrotechnics  systems  with  polychromatic  or  monochromatic  pulse-irradiation.  The 
role  of  absorbing  microinclusions  or  optical  discontinuities  is  considered.  Emphasis  is 
placed  on  determining  the  critical  conditions  of  the  ignition  by  laser-pulse  irradiation 
of  propellants  and  explosives.  The  work  is  based  on  the  theoretical  ideas  of  [1,2]  as 
well  as  on  publicized  experimental  results. 

A  critical  relationship  between  the  reaction  rate  constants  of  the  flammable  substance 
and  the  characteristics  of  irradiation  is  proposed  for  determination  of  the  interaction 
thermal  regime  and  the  ignition  possibility.  Specific  features  of  ignition  and 
subsequent  combustion  induced  by  laser-pulse  irradiation  is  considered  for  optically 
uniform  and  non-uniform  pyrotechnic  systems.  The  stable  ignition  region  on  the  'pulse 
time'-  'flux  intensity'  plane  has  the  shape  of  a  peninsula.  Its  boundaries  are  defined  by 
kinetics  of  thermal  decomposition  of  system  and  by  the  system  combustion  low. 

It  is  shown  that  absorbing  particles  can  significantly  influence  the  boundaries  of  the 
stable  ignition  peninsula  if  the  particle  diameter  exceeds  the  critical  one.  This  critical 
diameter  depends  on  initial  temperature  and  reaction  rate  constants  as  on  radiation 
intensity.  It  is  directly  proportional  to  the  characteristic  space-scale  of  reaction  zone  in 
the  system.  The  product  of  the  particle  critical  diameter  and  the  radiation  intensity  is 
approximately  constant. 

It  is  also  shown  that  continuous  irradiation  of  pyrotechnic  system  can  induce  the 
system  ignition  if  the  laser-beam  diameter  exceeds  the  critical  one.  This  critical 
diameter  depends  on  radiation  intensity  and  on  thermochemical  characteristics  of 
system. 

The  main  results  of  consideration  are  illustrated  by  instances  with  NC-propellants, 
HMX,  RDX,  and  lead  azide. 

1.  I.G.  Assovskii.  Doklady  Phys.  Chem.,  Proc.  RAS,  Vol.  337,  No.  6,  (1994). 

2.  I.G.  Assovskii  and  Z.G.  Zakirov,  Proc.  25th  Intern.  Symp.  on  Combustion, 

The  Comb.  Institute,  1994. 
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THE  INVERSION  OF  THE  QUALITY  OF  RATIOS  IN  THE  SYSTEM  OF 
INDEPENDENT  CHEMICAL  REACTIONS  AT  TRANSFER  FROM  ISOTHERMAL 
HOLDING  TO  COMBUSTION. 

Valentin  Klvucharev.  Alla  Razumova. 

Institute  of  New  Chemical  Problems,  Russian  Academy  of  Science. 
142432,  Chernogolovka.  Russia. 

ABSTRACT 

The  transfer  from  Isothermal  to  nonlsothermal  conditions  can 
lead  to  the  Inversion  of  the  quality  of  ratios  in  the  system  of 
Independent  chemical  reactions.  At  the  same  components  and 
contents,  over  the  same  temperature  range,  at  the  same 
one-sided  position  of  the  range  with  respect  to  Isokinetic 
point,  at  the  total  conservation  of  the  chemical  reactions 
mechanisms,  the  same  substance  can  act  solely  as  a  catalyst 
under  Isothermal  conditions  and  as  a  Inhibitor  under 
nonlsothermal  conditions.  The  experiments  show  the  availability 
of  such  switch  In  medium  of  perchlorates  and  chlorates  with 
oxides  and  peroxides  even  If  the  heating  rate  Is  2. 5-lO°C/min. 


The  customary  set  of  active  components  exerting  an  effect  on 
the  0^  evolving  from  perchlorates  and  chlorates  Incorporates 
MnO  ,  Fe  0  .  Co  0  .  NIO,  CuO.  Cu  0,  CaO  [1-10],  CaO  [11],  BaO 
[12!i3].^Li  0  1:il-16],  Na  0  [lll8],  KO  [19].  The  modern-day 

theory  treats  these  substances  as  catalysts  for  the  degradation 
of  the  salts.  However,  In  pyrotechnic  gasgenerating  sources 
containing  a  perchlorate  or  chlorate  with  a  metal  fuel,  oxide 
and  peroxide  can  promote  and  can  retard  the  burning  rate 
[20-24].  These  results  make  very  difficult  the  application  of 
existing  systematized  knowledge  In  order  to  forecast  the  real 
effects  of  chemical  agents  on  combustion. 

Discussing  the  problem,  Glazkova  [23-24]  pointed  out  that  the 
known  experimental  data  on  the  reactivity  of  the  substances 
were  obtained  either  at  low  heating  rate  (10-50^ C/mln)  or  under 
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Isothermal  conditions  at  low  temperatures.  On  the  contrary,  a 
thermoshock  or  very  high  temperatures  often  take  place  at 
combustion.  As  a  consequence,  the  Ignored  transfer  over 
Isokinetic  point  or  a  discrepancy  between  reaction  mechanisms 
give  rise  to  mistaken  forecasts. 

The  explanation  for  the  known  evidence  offered  by  Glazkova  Is 
of  chemical  Interest,  however  calls  Into  question  the  use  of 
thermal  analysis  In  studies  of  combustion  [24,25]. 

The  paper  presents  Just  one  more  possibility  to  retard  the 
reaction  rate  by  catalysts,  which  Is  not  connected  with  added 
changes  of  mechanisms  or  transfer  over  Isokinetic  point.  In 
going  from  isothermal  holding  to  heating. 

The  problem  can  be  specified  by  giving  a  Ideal  object,  for 
example  a  system  of  chemical  processes  with  Arrhenius  kinetics 
proceeding  independently  of  one  another. 

Let  us  assume  that  the  starting  components,  final  products  and 
mechanisms  of  the  chemical  conversions  are  constant.  The 
fundamental  equation  of  nonlsothermal  kinetics  [11-13]  will  be 
considered  to  take  place  for  all  reactions.  In  the  case; 

K  =  A  exp  (-E  /RT)  (1) 

i  i  i 

at  constant  temperature  and 

K  ■  =  A  exp  [-E  /R(T  +vt)]  (la) 

i  1  i  0 

at  linear  heating  with  constant  rate  v.  where  1,  K  ,  A_ ,  E  ,  t, 
T,  T  ,  R  are  the  number,  the  rate  constant,  the  acllvaiion^ 
energy,  the  pre-exponentlal  factor  of  the  chemical  reactions, 
time,  temperature,  the  initial  temperature  of  heating,  the 
universal  gas  constant,  respectively. 

The  growth  of  K  in  the  sequence 
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Will  be  denoted  the  catalysis. 


As  a  simplification,  assume  that  the  relationship  vs.  Is 
defined  In  the  following  manner: 


In  (A^ )  =  bE^.  where  b  =  const  >  0 


In  the  case 


(bRT  -  1)E. 


=  exp  [ 


=  exp  [ 


(bRT  -  l)Ej  bRT  -  1 


For  bRT  -1=0,  the  condition 


b  =  1/RT  or  T  =  1/bR 


defines  the  Isokinetic  point.  In  which  the  value  of  Is 
constant  with  any  frequency  of  .  When  bRT  -  1  >  0,  then 

taking  Into  account  b  >  0  (3),  R  >  0,  T  >  0,  It  turns  out  that 

b  >  1/RT  or  T  >  1/bR  (71 


and  any  elevation  of  E.  Increases  the  K. .  If  bRT  -  1  <  0  then 
b  <  1/RT  or  T  <  1/bR 


and  any  fall  of  E.  brings  about  a  rise  of  the  K. . 


(8) 


Together  with  (2)  the  conditions  (7)  and  (8)  define  the  advent 
of  a  catalysis  If  the  activation  energy.  In  the  considered 
system  of  the  chemical  reactions,  elevates  or  falls.  By  force 
of  habit  to  connect  a  catalytic  action  to  a  decrease  of 
activation  energy  [29],  the  following  analysis  has  been  made 
with  reference  to  Inequalities  (8). 

Let  us  consider  the  same  chemical  reactions  (1  and  la),  (3), 
(4),  (8)  at  linear  heating,  that  Is  under  conditions  which  are 
usually  for  differential  thermal  analysis  (DTA).  With  (3)  It 
turns  out  that 

exp  {  [  bR(T^+vt)  -  1  ]E.  } 


R(T^+vt) 

Insight  Into  the  chemical  aspect  of  a  process  In  which  the 
source  materials  pass  Into  products  gives  the  time  of  the 
conversion  for  every  step  of  the  Interaction  between  reagents 
[11].  For  Its  specific  estimation,  and  consequently  the 
estimation  of  chemical  significance  of  different  properties 
Inherent  In  function  K  =  f(E),  the  start  and  finish  points  of 
the  process  are  to  be  determined,  reasoning  from  particular 
constraints. 

Every  so  often.  In  noniso thermal  experiments  the  onset  of 
chemical  conversion,  in  fact,  has  been  referred  to  the  start  of 
heating  In  a  furnace.  Only  In  the  case  a  temperature  shift  of  a 
chemical  process  under  nonlsothermal  conditions  can  be  treated 
as  the  sign  of  a  positive  or  negative  catalysis  [1-10,12.14,20 
-24].  However,  the  approach  is  able  to  give  misinterpretations 
of  experimental  data,  because  the  time  of  heating  and  the  time 
of  chemical  reaction  can  be  attributed  to  processes  very 
different  by  Its  nature  [11.28.30.31].  Besides,  the  statement 
that  a  reaction  takes  place  all  along.  If  the  temperature  of 
reacting  species  is  above  OoK,  makes  no  particular  sense  [32]. 
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In  this  work,  the  estimation  of  chemical  significance  of 
different  changes  in  the  pre-exponential  factor  and  the 
activation  energy  was  carried  out  hy  the  data  given:  the 
reference  and  ultimate  degree  of  conversion  were  0.01  and  0.99 
respectively.  The  approach  allows  to  determine  the  time  of 
reagents  interactions  with  regard  to  the  significance  of  the 
chemical  event  [32] . 

Let  us  explain,  the  selection  of  the  part  from  unity  does  not 
signify  to  overlook  all  history  of  a  sample;  it  merely  takes 
down  the  rigorous  correspondence  between  the  structure  of  a 
process  and  the  structure  of  the  time,  which  is  generated  by 
the  process  [33, 34] . 

The  calculated  values  of  conversion  time  can  be  obtained  at  the 
estimation  of  the  Integral  (10)  by  Simpson  method 


t 

/ 

0 


C  *  exp  {  [  bR(To+Vj,)  -  1  ]Ei  } 


R(To+vt) 


(10) 


for  the  system  of  first  order  reactions,  requirement  that  the 
condition  (9)  is  met.  C  is  calibrating  coefficient.  The  result 
is  presented  in  Table  1. 

In  the  numerical  experiments,  at  heating  rate  10°C/mln.  the 
initial  temperature  was  173.15°K  (-100°C).  From  the  time  of 
conversion  at  b  =  3.933*10"^,  C  =  0.01  (Table  1,  column  6)  it 
will  be  obvious  that  the  temperature  (Table  1,  column  5)  lies 
below  that  of  isokinetic  point  Tz  =  1273°K  (equation  6).  It 
follows  that  the  conditions  (8)  should  be  met.  For  example,  if 
the  observable  temperature  T  =  773. 15°K,  then  b  =  6.477*10'^. 
Hence  the  accepted  value  b  =  3.933*10'^  <  6.477*10"^  =  1/RT  at 
T  =  773.15°K  and  the  inequality  (8)  is  true.  The  fulfilment  of 
the  condition  (8)  Implies  that  on  Isothermal  holding  the 
elevation  of  E  leads  to  the  rise  of  conversion  time. 
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The  calculated  values  of  conversion  time  on  heating,  however 
show,  beginning  In  certain  values  of  activation  energy  E  ,  the 
inversion  of  the  quality  of  ratios  arises  in  considered  system 
of  Independent  chemical  reactions. 

If  E_  <  E^  then  with  elevation  E  ,  E.  >  E  ,  the  times  of 
conversion  match  up  to  one  another  as^ follows:  t(E  )  >  t(E  ). 
(Table  1,  column  6.),  that  Is  to  say  In  the  same  fasfilon  as  i'or 
Isothermal  holding. 

If  E_  >  E^  then  the  relations  between  E  remain  as  before  (E 
>  E_5,  however,  the  quality  of  ratios  can  be  chanced:  t(E  r< 
t(E|).  (Table  1.  column  6. ) 

The  obtained  result  Indicate:  at  the  same  components  and 
contents,  over  the  same  temperature  range,  at  the  same 
one-sided  position  of  the  range  with  respect  to  Isokinetic 
point,  at  the  total  conservation  of  the  chemical  reactions 
mechanisms,  the  same  substance  can  act  solely  as  a  catalyst 
under  isothermal  and  as  a  inhibitor  under  nonlsothermal 
conditions  [30,31]. 

The  experiments  show  the  availability  of  like  switch  in  medium 
of  perchlorates  and  chlorates  with  oxides  and  peroxides,  even 
if  the  heating  rate  Is  2. 5-10°C/min.  The  Fig.  1  presents  the 
mixture  KCIO^  with  NiO.  The  0.01  -  0.015  M  NIO  as  a  dope  to  the 
perchlorate  Increases  the  temperature  range  of  rapid  oxygen 
evolution  about  2  times:  from  600-650° C  for  KCIO  ,  to  500-610° C 
for  KCIO^  with  NiO.  The  0.07  -  0. 08  M  CaO  In  Kclo  retards  the 
process  about  2  times  too  (Fig.  2).  By  this  means.  She  oxide 
additives  can  act  as  Inhibitors  for  breakdown  of  perchlorate 
salt  under  nonlsothermal  conditions,  despite  the  fact  that  on 
standing  at  constant  temperature  in  range  450-550° C  these 
substances  promote  the  oxygen  evolution.  A  similar  result  had 
been  obtained  for  KCIO  with  Fe  0  [35],  BaO  ,  and  for  binary 

mixtures  of  the  other  alkali  meta!  perchlorates. 


63 


7 


The  possibility  of  a  correlation  between  changes  of  the  last 
step  of  salt  oxidizer  decomposition  going  with  highest  rate  In 
DTA  experiments  for  NaClO  with  CaO  at  10°C/mln,  and  changes 
of  the  burning  rate  In  compacted  mixtures  with  2-2.3  g/cm^  of 
these  substances  and  metal  Mg  was  studied  for  the  materials 
with  65  -  100  mk  for  all  components.  The  tests  shown  that  the 
rates  of  the  decomposition  and  the  burning  have  a  minimum  at 
molar  ratio  CaO  /NaClO  about  0. 13  -  0. 15.  At  this  takes  place, 

2  4 

a  maximum  temperature  of  combustion  was  seen  over  the  region. 
(The  temperature  for  the  heterogeneous  system  was  determined  by 
thermocouples  as  a  arithmetic  mean  value  from  10  -  17  runs. 

The  revealed  chemical  switch  or  changer,  based  on  the  Inversion 
of  the  quality  of  ratios  In  the  system  of  Independent  chemical 
reactions  at  transfer  from  Isothermal  holding  to  combustion.  In 
all  probability,  will  have  a  strong  Impact  on  the  choices  of 
approaches  to  the  solution  of  problems  In  chemical  engineering. 
It  should  be  remarked,  that  at  this  takes  place,  the  case  of 
point  Is  not  only  the  self-propagating  processes  or  pyrotechnic 
materials.  The  change  In  the  classification  of  substances  as 
catalysts  and  Inhibitors  can  Influence  on  views  about  the 
biochemical  activity  or  ecological  safety  of  chemical  agents  In 
nature. 
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and  Scientific  Politics  of  RF.  We  are  Indebted  to 
Dr.  I. B. Kudinov  (Kurnakov's  Inst,  of  Inorg.  Chem. ,  Moscow)  and 
Dr.  G.I.Nlklshln  (ZellnsklTs  Inst,  of  Org.  Chem.,  Moscow)  for 
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<r+  O  cr+  tT3 


Table  1. 


V  =  lOoC/mln, 

Tz  =  1273. 15oK. 


=  3.933*10-4,  C  =  O.Ul. 


E  kkal 

t (ons) 

T(ons)oC 

t (end) 

T(end)oC 

Tau  min 

30000 

69.08 

590.8 

108.22 

982.2 

39. 14 

20000 

56.72 

467.3 

103.28 

932.8 

46.56 

12500 

41.91 

319.  1 

94.51  i 

845.  1 

52.60 

8000 

28.68 

186.8 

83.36 

733.6 

54.68 

5000 

16.68 

66.8 

69.65 

596.5 

52.97 

2000 

1.83 

-81.7 

42.76 

327.6 

40.93 

V  =  lOoC/mln,  b 
Tz  =  573.150K. 


=  8.737*10-4,  C  =  0.01. 


E  kkal 

t (ons) 

T(ons) oC 

t  (end) 

T(end)oC  ’ 

Tau  min 

30000 

31.36 

216. 1 

42.82 

328.2 

11.46 

25000 

30.  02 

200.2 

42.91 

329.2 

12.89 

20000 

27.81 

178.  1 

42.95 

329.5 

15. 14 

15000 

24.55 

145.5 

42.78 

327.8 

18.23 

7000 

14.27 

42.7 

40.41 

304.  1 

26.  14 

6000 

12.  08 

20.8 

39.48 

294.8 

27.40 

5000 

9.51 

-  4.9 

38.  16 

281.6 

28.65 

3000 

3.22 

-  67.8 

33.26 

232.6 

30.04 

2000 

0.82 

-  91.8 

28.43 

184.3 

27.61 

V  =  lOoC/mln,  b  =  1.833*10-3,  C  =  0.01. 
Tz  =  273. 15oK. 


E  kkal 

t (ons) 

T(ons)oC 

t(end) 

T(end) oC 

Tau  min 

30000 

8.48 

-  15.2 

11.40 

14.0 

2.92 

25000 

8.  12 

-  18.8 

11.57 

15.7 

3.45 

20000 

7.58 

-  24.2 

11.79 

17.9 

4.21 

15000 

:  6.71 

-  32.9 

12.  11 

21.  1 

5.40 

10000 

5.  10 

-  49.0 

12.35 

25.5 

7.25 

5000 

1.64 

-  83.6 

13.09 

30.9 

11.45 

3000 

0.36 

-  96.4 

12.98 

29.8 

12.62 

2000 

0.  13 

-  98.7 

12.45 

24.5 

12.32 

Is  activation  energy;  t(ons),  T(ons)  are  the  time  in  min.  and 
he  temperature  In  oC,  at  which  the  degree  of  the  chemical 
onverslon  runs  to  0.01,  respectively;  t(end),  T(end)  are  the 
Ime  In  min.  and  the  temperature  In  oC,  at  which  the  degree  of 
the  chemical  conversion  runs  to  0.99;  Tau  is  the  time  in  min. 
of  the  chemical  conversion  from  0.01  degree  to  0.99  degree. 


Figure  2. 


A) .  TGA  profile  of  pure  sodium  perchlorate. 

B) .  TGA  profile  of  sodium  perchlorate  with 

calcium  peroxide  at  mol.  ratio  1  NaClO 
-  0.08  CaO  .  ^ 
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MIXTURES  WITH  OXIDE. 
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Valentina  Sasnovskaya. 

Institute  of  New  Chemical  Problems,  Russian  Academy  of  Science. 
142432,  Moscow  Region,  Chernogolovka.  RUSSIA. 

ABSTRACT 

The  particular  cooperative  reaction  of  oxygen  evolution  from 
perchlorate  source  with  simultaneous  oxidation  of  metal  fuel. 

In  the  system  of  three  bodies,  was  made  out  In  ternary  mixtures 
of  magnesium,  perchlorates  and  calcium  oxide.  The  reaction 
allows  to  Increase  the  degree  of  low-temperature  burning  of  the 
fuel  and  to  decrease  the  specific  heat  value  of  pyrochemlcal 
oxygen  candles. 


For  production  of  high-quality  oxygen  by  SHS  must  be  afforded  a 
sufficient  yield,  cleanness,  time  of  synthesis  and  economical 
consumption  of  energy.  On  many  occasions,  the  solution  of  the 
problems  Is  determined  by  conditions  of  metal  fuel  oxidation  In 
combustion  front  of  perchlorate  or  chlorate  candle.  The  piper 
presents  the  magnesium's  Investigations  which  were  undertaken 
In  order  to  Increase  the  degree  of  metal  conversion  Into  oxide 
at  once  In  the  front. 

The  reactivity  of  substances  was  made  by  "Derlvatograph  Q1500D" 
thermal  analyzer  In  alundum  or  quartz  cylindrical  tubes  at 
heating  rates  from  2.5  to  lO^^C/mln.  The  experimental  procedure 
was  described  In  [1,2]. 

The  combustion  was  studied  In  air  for  cylindrical  blocks  with 
diameter  28-30  mm  and  height  40-60  mm. 


The  powders  were  analyzed  with  DR0N-3M-INKHP  X-ray 
diffractometer  and  UR-20  IR-spectrometer  [1.21. 
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The  metal  magnesium  particles  had  diameters  about  2  mk. 

The  sodium  and  potassium  perchlorates  was  prepared  by  double 
recrystalllzatlon  from  distilled  water  and  dried  as  noted  In 
[1.2].  The  calcium  oxide  was  Introduced  from  the  peroxide  as  a 
precursor  [1,21. 

The  Table  1,  (N.3.4)  and  Table  2.  (N. 1,2)  present  the  catalytic 
effect  of  CaO  on  sodium  perchlorate  and  potassium  perchlorate 
decomposition. 

The  experiments  with  CaO  and  Mg  at  10°C/mln  showed  that  the 
endothermic  oxygen  evolution  and  CaO  formation  occurred  at 
360-430°C,  the  Mg  burnt  after  580~590°C  {Table  1.  N. 1).  A  like 
picture  Is  In  system  NaCl-Mg-CaO  (Table  1.  N. 2).  In  the  case, 
the  magnesium  oxidation  came  Into  prominence  about  520° C,  next 
was  gradually  speeded  up,  however  after  the  complete  oxygen 
evolution  from  peroxide. 

The  binary  mixtures  of  Mg  with  NaClO  and  KCIO  liberate  the  0 
at  lesser  temperature  than  the  pure  perchlorate.  However,  the  ^ 
complete  burning  of  metal  can  occur  after  final  salt  breakdown 
(for  example  at  540-570° C)  and  Indicate  just  one  more  exoeffect 
at  600-650°C  (Fig.  1,  Table  1.  N. 5;  Table  2.  N. 3).  The  result 
was  obtained  In  alundum  crucible. 

The  binary  mixtures  of  sodium  perchlorate  and  metal  magnesium. 
In  some  DTA  and  TGA  tests,  were  analyzed  In  quartz  tubes.  The 
experiments  are  caused  by  Freeman  e.a.  [3],  which  had  conducted 
a  research  In  the  Vlcor  glass. 

Our  experiments  showed  that  the  SIO  had  effect  on  reactivity 
of  substances  In  binary  mixtures  of  the  NaClO  and  the  metal 
magnesium  (Table  1,  N. 5. 12-13).  Moreover,  at  mol.  ratio  4  M  Mg 
/  1  M  NaClO  the  complete  evolution  of  four  oxygen  gram-atoms 
are  observed  at  440  -  480° C.  It  Is  clear.  In  the  case  the 
process  occurs  without  the  appreciable  oxidation  of  the  Mg  by 
melts  of  perchlorate  or  perchlorate  with  chlorate  and  chloride. 
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The  effect  of  quartz  glass  on  reactivity  of  Mg  in  perchlorate 
mixtures  is  attributable  to  formation  of  chemical  compounds  at 
the  metal  surface.  An  attack  of  reaction  products  in  SIO  tubes 
by  hydrochloric  acid  solution  we  observe  a  garlicky  explosive 
gas,  evoking  headache.  It  is  usual  behaviour  of  silanes.  Thus, 
following  experiments  have  been  carried  out  in  alundum  dish. 

When  CaO  is  added  to  mixture  containing  NaClO  and  Mg,  a  new 

2  0  4 

low-temperature  process  take  place  at  420-460  C  (Fig.  2-4  and 

Table  1,  N. 6-11)  which  can  afford  complete  oxidation  of  fuel 

with  simultaneous  0  evolution  containing  in  the  salt  source. 

The  process  exists  only  in  ternary  mixtures,  consequently  it  is 

a  cooperative  reaction.  Its  AT  (temperature  range)  is  below 

the  AT  of  the  decomposition  for  binary  samples  of  NaClO  with 

equimolar  content  of  CaO  (after  430-450° C,  Table  1,  N.4I  and 

much  below  the  AT  of  complete  Mg  oxidation  in  binary  mixtures 

with  CaO  or  NaClO  (after  590°C,  Table  1,  N. 1,5).  A  similar 

reaction^ is  in  system  KCIO  -Mg-CaO  (Table  2). 

4  2 

Degree  of  Mg  conversion  at  the  cooperate  process  depends  on  the 
relationship  of  the  all  three  components. 

The  DTA  profiles  show  that  the  perchlorate  addition  at  constant 
Mg/CaO  ratio  increases  the  first  exothermic  peak  corresponding 
to  the^ metal  oxidation  with  simultaneous  oxygen  evolution.  In 
the  mixture  contained  0. 125  M  NaClO  (Fig.  2)  the  heat  evolving 

at  410-425° C  is  very  small.  In  going  from  the  composition  to 

ternary  mixtures  contained  0.5  -  1.0  M  NaClO  (Fig.  3)  the  area 
ratio  between  the  first  and  second  peaks  can  turn  approximately 
equal  to  one.  For  systems:  0.5  M  NaClO  -  0.5  M  Mg  -  1  M  CaO 

and  1  M  NaClO  -  0.5  M  Mg  -  1  M  CaO  heat  of  perchlorate 

conversion  to  chloride  and  oxygen  is  about  2.5-6  kkal/mol 
(8.4-25.1  kJ/mol)  [41.  The  Mg  conversion  to  MgO  evolves  0.5*141 
=  70.5  kkal/mol  (295.4  kJ/mol)  [4].  This  result  reports  that 
the  magnesium  oxidation  gives  alms  to  the  first  exoeffect.  The 
loaded  sodium  perchlorate  Increases  the  contribution  of  fuel 
oxidation  to  heat  evolving  at  cooperative  stage.  The  first  and 
second  exothermic  peak  are  connected  with  magnesium  oxidation. 


The  data  In  Fig.  4  and  Table  1.  N.  10, 11  give  evidence  that  the 
low  temperature  exothermic  process  In  the  ternary  mixtures  can 
be  complex.  The  first  peak  Is  composed  of  two  overlapped 
effects  with  maxlmums  about  435°C  and  466-474°C.  It  Is  quite 
possible  that  the  different,  cooperative  and  catalytic 
decomposition  of  the  salt  oxygen  source  take  place  In  the 
ternary  mixtures. 

The  degree  of  magnesium  conversion  Is  a  function  of  peroxide 
content.  The  Increase  of  CaO  In  Initial  samples  can  favour  or 
hinder  the  low  temperature  cooperate  stage  of  Mg  oxidation 
(Table  2).  Doping  the  binary  mixtures  by  the  peroxide  from 
the  molar  ratio  CaO^/KClO  =  0.05  to  0.12  decreases  the  part  of 
metal  which  barns  out  In  oxygen  after  600°C.  At  0.12,  the  Mg 
Is  complete  oxidized  In  the  low-temperature  cooperate  stage. 
However,  the  dope  of  the  CaO  from  0.13  to  0.5  throws  away  the 
metal  at  high  temperatures,  fhe  transfers  between  0.1  and  0.13 
M  CaO^  vs.  1  M  KCIO^  agrees  with  singular  point  which  had  been 
observed  In  binary  systems  of  the  perchlorate  and  oxides  [5]. 

The  consideration  of  the  magnesium  characteristic 
properties  allows  to  develop  the  cartridges  which  generate 
oxygen  with  lesser  heat-evolving,  temperature  or  rate  of 
combustion.  The  decrease  of  the  minimal  content  of  metal  as  a 
fuel,  by  Increasing  the  part  of  a  peroxide,  had  been  presented 
In  paper  [6] .  The  authors  [7]  detected  an  cooperative  action  In 
system  barium  nitrate,  metal  magnesium  In  presence  of  BaO  .  In 
the  case  It  has  been  found  that  the  oxidation  of  Mg  about^80°C 
In  humid  air  proceeds  with  largest  rate  If  all  components  exist 
jointly.  The  results  obtained  for  the  ternary  mixtures  of 
perchlorates,  suggest  the  unified  nature  of  the  effects  [6.7] 
which  can  be  attributed  to  specific  low  temperature  cooperative 
reaction  between  the  salt  oxidizers,  a  metal  and  oxides  or 
peroxides. 
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Table  1. 


Number  of 
sample 

Mixtures 
(mol.  ratio) 

Temperature  ° 

a 

I 

II 

III 

IV 

V 

VI 

1 

Mg-Ca02 

(0.5/1) 

— 

— 

— 

— 

584 

602 

2 

NaCl-Mg-Ca02 
(5/0. 5/1) 

— 

— 

— 

— 

570 

578 

3 

NaC104 

— 

— 

529 

582 

— 

— 

4 

NaC104-Ca02 

(1/0.5) 

— 

— 

447 

502 

— 

— 

5 

NaC104-Mg 

(1/0.5) 

[In  alundum] 

— 

— 

457 

540 

572 

600 

6 

NaC104-Mg-Ca02 
(0. 125/0.5/1) 

410 

422 

410 

422 

556 

very 

high 

7 

NaC104-Mg-Ca02 
(0.2/0. 5/1) 

415 

441 

415 

441 

546 

very 

high 

8 

NaC104-Mg-Ca02 
(0.5/0.  5/1) 

415 

439 

415 

439 

[500] 

[570] 

9 

NaC104-Mg-Ca02 
(1/0. 5/1) 

415 

441 

415 

441 

[500] 

[560] 

10 

NaC104-Mg-Ca02 
(1.7/0. 5/0. 9) 

420 

434 

420 

466 

[520] 

[584] 

11 

NaC104-Mg-Ca02 
(5/0. 5/1) 

374 

433 

374 

474 

610 

626 

12 

NaC104-Mg 

(1/0.5) 

[In  quartz] 

- - 

— 

457 

482 

507 

558 

13 

NaC104-Mg 

(1/4) 

[in  quartz] 

440 

462 

— 

— 

I.)  Start  of  the  cooperative  reaction  of  simultaneous  Mg 
combustion  and  salt  oxidizing  agent  decomposition. 

II. )  Exothermic  peak  of  the  cooperative  reaction. 

III.)  Start  of  the  oxygen  exothermic  evolution  from  perchlorate 
oxidizer. 

IV. )  Exothermic  peak  of  the  evolution. 

V.)  Start  of  the  magnesium  oxidation  (combustion)  in  evolved 
oxygen.  [In  brackets:  oxidation  with  no  Ignition.] 

VI. )  Exothermic  peak  of  the  oxidation. 
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Table  2. 


The  designations  are  In  accord  with  table  1. 


rigure  1. 


A) .  The  DTA  profile  of  sodium  perchlorate 

and  metal  magnesium  binary  mixture  at 
mol.  ratio  0.5  Mg  -  l  NaClO 

4 

B) .  The  DTA  profile  of  sodium  perchlorate. 


Figure  2. 


A) .  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
0.125  NaClO^  -  0. 5  Mg  -  1  CaO^ . 

B) .  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
0.2  NaClO^  -  0.5  Mg  -  1  CaO^ . 


Figure  3. 


A) .  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
0.5  HaClO^  -  0.5  Mg  -  1  CaO^ . 

B) .  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
1  NaClO  -  0.5  Mg  -  1  CaO  . 


Figure  4, 


A) ,  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
1.7  NaClO,  -  0.5  Mg  -  0.9  CaO. . 

B) .  DTA  profile  of  sodium  perchlorate 

metal  magnesium  and  calcium  peroxide 
ternary  mixture  at  mol.  ratio 
5  NaClO^  -  0.5  Mg  -  1  CaOg. 
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THE  CALCIUM  COMPOUNDS  AS  THE  COMPONENTS  INCREASING  THE 
ECOLOGICAL  SAFETY  OF  PYROTECHNIC  OXYGEN  SOURCES. 

Valentin  Klvucharev.  Stanislav  Slnelnlkov,  Alla  Razumova, 
Valentina  Sasnovskaya. 

Institute  of  New  Chemical  Problems.  Russian  Academy  of  Science. 
142432,  Moscow  Region,  Chernogolovka,  RUSSIA. 

ABSTRACT 

The  catalytic  activity  of  calcium  oxide,  peroxide  and  hydroxide 
are  considered  for  oxygen  evolution  from  sodium  and  potassium 
perchlorate.  It  has  been  found  that  a  dope  of  CaO  can  lead  to 
the  total  disintegration  of  the  perchlorates  In  much  the  same 
temperature  range  that  the  oxides  of  Mn,  Co,  Nl,  Cu.  The  result 
allows  to  depress  the  toxic  Impurities  In  evolving  oxygen  not 
only  by  their  absorption,  but  decreasing  the  temperature  of  the 
salt  decomposition  as  well.  The  calcium  peroxide  is  advisable 
to  use  as  a  precursor  of  CaO  In  pyrotechnic  systems. 


The  stable  chlorates  and  perchlorates  with  45  -  60  wt.  %  0  are 

of  great  Interest  to  makers  of  life  support  systems.  However. 

the  decomposition  of  the  salts  at  high  heating  rate  often  leads 

to  evolving  Cl  and  CIO  [1-3].  There  Is  only  a  little  of 
2  2 

substances  which  can  avoid  the  toxic  Impurities:  the  oxygenous 
compounds  of  alkaline  metals  [4-7]  and  barium  [1,8-12],  KMnO 
[13],  MgFeO  [14]  CaO.  Ca(OH)  .  CaO  [15-19]. 

3  2  2 

BaO  more  often  has  use  In  pyrotechnic  oxygen  generators.  The 
substance  effectively  inhibits  the  Cl  -evolution,  at  the  same 
time  acting  as  a  catalyst  for  chlorate  [20,21]  and  perchlorate 
[21]  decomposition.  In  the  last  case,  the  catalytic  effect  of 
BaO  ,  estimated  from  the  temperature  shift  of  chemical  process 
can^be  similar  to  effect  Induced  by  oxides  [2,  22-35]  and  salts 
[36-38]  of  d-elements. 
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At  the  same  time,  the  barium  peroxide  has  great  molecular  mass 
and  own  high  toxicity.  As  a  consequence,  the  offers  arise  to 
substitute  the  BaO^  in  pyrotechnic  materials.  The  most  simple 
decision  Is  In  use  of  CaO,  Ca(OH)  ,  CaCO  ,  Mg(OH)  .  MgCO  for 
absorption  of  chlorine  and  heat.  In  addition,  the^dope  by 
oxides  of  d-elements  can  compensate  the  known  low  catalytic 
activity  of  the  light  alkaline-earth  metal  compounds  for 
reactions  of  oxygen  evolving  from  chlorates  and  perchlorates 
[3.15-19,22-24.28,31-35]. 

The  application  of  materials  containing  Co,  Mn.  Nl,  Cu.  states 
problems  In  terms  of  ecological  safety  [39].  For  this  reason, 
the  outlook  of  calcium  and  magnesium  compounds  as  components  of 
gasgenerating  formulas  arouses  great  Interest  In  using  their 
own  catalytic  influence,  in  order  to  promote  the  processes  of 
oxygen  evolution  from  salts  of  the  perchloric  and  chloric 
acids.  The  present  paper  shows  the  results  obtained  for  CaO. 
CaO^.  Ca(OH)^  In  binary  mixtures  with  sodium  and  potassium 
perchlorates. 

The  scope  for  using  the  calcium  oxide  as  a  catalyst  of  oxygen 
evolution  from  the  salts  of  the  perchloric  acid  had  been 
studied  before  [3,22-24],  Experimental  findings  presented  in 
the  papers  give  evidence  that  the  CaO  offers  a  some  catalytic 
activity  for  processes  leading  to  perchlorate  decomposition, 
however,  does  not  stand  a  competition  with  many  oxides  of 
d-elements  [2.22-27].  When  the  mixture  of  KCIO  with  manganese 
dioxide  [2,22,23-26],  cobalt  oxides  [22, 23, 25]f  nickel  oxide 
[23.25],  or  copper  oxide  [27]  began  to  evolve  a  gas  about 
460-4800C  and  reaction  was  completed  about  500-520° C.  then  in 
presence  of  the  CaO  the  process  was  observed  at  temperatures 
too  high  by  30-40° C. 

The  idea,  a  second  time  to  study  the  mixtures  of  perchlorates 
and  compounds  of  alkali-earth  elements,  sprang  up  as  a  result 
of  detailed  analysis  of  the  experiments  [23]  carried  out  by 
Shimokawabe  e.a.  As  follows  from  the  description,  a  part  of 
d-metal  oxides,  prior  to  mixing  with  the  salt,  was  calcined  for 
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removal  of  water  and  hydroxide  groups.  In  the  cases  of  CaO,  the 
starting  material  was  not  exposed  to  like  thermal  treatment. 

The  surface  calcium  hydroxide  can  critically  change  the 
estimation  of  catalytic  activity  of  the  CaO  [40],  The  rapid 
transport  of  products  which  arise  at  chemical  destruction  of 
hydroxides  [41-45],  a  modification  of  surface  Involving  the 
hydrogen  evolution  in  such  process  [46-501  call  for  high  degree 
of  drainage,  so  that  the  oxide  surface  showed  Itself  in 
chemical  action  [44] . 

The  reactivity  of  source  substances  and  their  mixtures  was  made 
with  "Derlvatograph  ai500D’'  thermal  analyzer  in  quartz  or  alundum 
cylindrical  tube  (6  mm  and  10  mm  respectively)  protected  by 
covers  with  V-tap.  The  initial  atmosphere  was  air,  further 
self-forming.  The  heating  rate  was  10°C/mln  in  the  Interval  25  - 
750° C,  the  standard  A1  0  .  Weight  of  samples,  about  100  mg,  was 
selected  so  that  the  rate  of  oxygen  evolution  was  increased  in 
proportion  to  the  temperature,  in  consequence  of  the  stationary 
heat  transfer  between  a  sample  and  surrounding  medium  [51,52]. 

The  powders  were  analyzed  with  DR0N-3M-INKHP  X-ray 
diffractometer  for  samples  in  paste  form  with  fluorlned  oil. 

A  quartz  dish  was  waterproof  thanks  to  fluoroplast  film  [53]. 
IR-experlments  were  carried  out  with  UR-20  apparatus  using  the 
nujol  technique. 

The  sodium  and  potassium  perchlorates  was  prepared  by  double 
recrystallization  from  distilled  water.  The  sodium  salt  was 
dried  in  a  vacuum  at  heating  rate  6°C/mln  to  320° C  [54],  the 
potassium  salt  Isothermally  at  120° C  in  air.  The  specimens 
contained  no  less  99.8  %  of  perchlorate.  The  chemical  analysis 
was  carried  out  for  Cl",  CIO  “  and  C10^“,  after  Mohr,  by  SO^ 
and  nitron  acetate,  respectively  [53]. 

In  the  work  was  used  NiO  "OSCh  10-2"  calcined  at  600° C  in  the 

course  of  5  hours,  and  Ca(OH)  "ChDA"  (reagent  grade). 

2 


The  present  study  was  conducted  with  two  specimens  of  CaO. 

In  the  first  case,  a  calcium  oxide  was  Introduced  from  peroxide 

as  a  precursor.  The  thermal  decomposition;  2  CaO  =  2  CaO  +  0 

[55]  proceeds  at  heating  rate  10°C/mln  in  interval  330-460° C 

with  formation  water-free  CaO.  Lemesheva  obtained  this  starting 

CaO  by  reaction  of  exchange  between  CaCl  and  water-ammonia 
2  2  0 
solution  of  H  0  [56].  The  specimen  was  dried  at  150  C  in  air. 

The  samples  con1;alned  no  less  95,7  %  of  peroxide.  The  ballast 

is  carbonate.  The  product  leaves  traces  of  chloride. 

In  the  second  case,  a  calcium  oxide  had  been  prepared  from  the 
CaO  by  shock  calcination  in  air  at  900° C  with  subsequent 
cooling  to  700° C  in  the  course  of  10  minutes.  Idea,  to  obtain 
a  calcium  oxide  by  explosive  decomposition,  had  been  carried 
over  from  [57].  The  granules  [57]  produced  by  thermoshock  of 
Ca(OH)^  and  CaCO^  evoked  particular  interest  to  the  approach. 

In  both  cases  X-ray  diffraction  patterns  of  the  oxides  were  in 
agreement  with  ASTM-standard  [58].  The  fact  is  consistent  with 
results  of  Ca(OH)  and  CaCO  explosive  disintegration  [57]  and 
X-ray  analysis  of  solid  products  of  CaO^  decomposition  [55]. 

Experimental  data  obtained  for  source  salts  and  its  binary 

mixtures  with  CaO,  CaO  ,  Ca(OH)  ,  NIO,  in  mol.  ratios  1:1,  are 

2  2 

Shown  in  table  1. 

The  calcium  peroxide  evolved  oxygen  in  the  330-460° C  region 
with  DTA  endothermic  peak  about  401° C.  The  CaCO  impurity  was 
decomposed  in  the  case  between  625-760° C.  The  Ca(OH)  had 
endothermic  effect  with  start  about  380° C  and  sharp  minimum  at 
529° C.  The  error  of  temperature  measurements  at  a  point  of 
extremum  are  +/-  3°C. 

DTA-curve  of  the  potassium  perchlorate  in  quartz  dish  turned 
out  to  be  very  near  to  result  by  Anderson  and  Freeman  [59]. 
Endothermic  effect  at  300° C  conforms  to  phase  transformation  of 
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KCIO  that  Is  consistent  with  recommendation  of  ICTA-commlttee 
on  standardization  [60] . 

In  alund  tube  the  KCIO  decomposition  was  finished  at 
620-625° C.  ^ 

Phase  conversion  of  the  NaClO  was  observed  at  302° C.  The 
result  practically  agrees  within  experimental  data  by 
Shlmokawabe  e.a.  [231  If  there  to  standardize  on  temperature  of 
KCIO  phase  transition  at  300° C,  as  well  as  the  lower  limit  of 
the  transfer  obtained  under  cooling  In  [61].  The  complex  nature 
of  NaClO  phase  conversion  [61-63],  probably,  cause  a 
discordance  Into  5-6° C  with  known  literary  data  [62,64,65],  but 
not  experimental  errors. 

The  picture  of  sodium  perchlorate  decomposition  after  525° C 
fits  the  result  by  Markowitz  and  Boryta  [2]. 

The  systems:  KCIO  -  CaO  and  NaClO  -  CaO  were  studied  In 
Interval  of  molar^ ratios^ CaO  /MClO  ^from  0^01  to  10  (M  =  Na, K). 

2  4 

At  reference  endothermic  stage  of  perchlorate  decomposition  the 
chlorate  had  been  accumulated;  It  was  noted  by  chemical.  X-ray 
and  IR  analysis.  At  exothermic  stage,  the  sample  was  crushed 
with  formation  of  the  chloride. 

In  quartz  tubes,  at  Increasing  the  peroxide  part.  0. 1  M  CaO  In 
mixture  with  1  M  KCIO  had  reduced  the  temperature  of  complete 
salt  decomposition  approximately  Into  90° C.  At  such  proportion 
between  the  components,  the  catalytic  action  of  forming  CaO 
leads  to  retarding  the  reactions  of  the  oxygen  evolution.  If 
the  process  Is  carried  out  under  nonlsothermal  conditions  with 
heating  rate  10°C/mln  [51].  The  switch  based  on  the  Inversion 
of  the  quality  of  ratios  In  the  system  of  Independent  chemical 
reactions  In  going  from  Isothermal  holding  to  continuous 
temperature  elevation  brings  about  the  effect  [51,66-67]. 

The  further  Increase  of  the  CaO  part  leads  to  rise  of  an 
catalytic  action  (table  1).  At  determined  molar  ratios  the 
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forming  oxide  can  accelerate  the  oxygen  evolution  from 
perchlorate  source  on  heating  too  [511. 

Experimental  data  obtained  for  mixtures:  KCIO  -  CaO  are  by 
far  distinguished  from  results  presented  by  Shlmokawabe  e.a. 

[23]  for  system  KCIO  -  CaO.  In  the  last  case,  the  start  of 
heat  evolving  at  decomposition  of  sample  (about  525° C)  and  the 
largest  rate  of  its  exothermic  disintegration  (about  545° C) 
practically  check  with  picture  of  KCIO  chemical  conversion  in 
presence  of  Ca(OH)  in  our  experiments  (table  1).  Taking 
account  of  results  obtained  in  [40-47],  we  assumed  that  the 
hydroxide  and  even  peroxide  groups  can  prevent  or  hinder  a 
catalytic  action  of  CaO  for  thermolysis  of  alkali  metal 
perchlorates. 

The  experimental  data  obtained  for  samples,  which  contained 
beforehand  prepared  calcium  oxide,  give  evidence  (table  1)  that 
the  free  surface  of  CaO  at  specific  ratios  oxide/salt  can 
quickly  and  completely  decompose:  NaClO  at  430  -  460° C,  KCIO 
at  480  -  500° C.  The  decrease  (120-140° c1  of  the  temperature  for 
the  final  oxygen  evolution  is  close  to  effect  of  Fe.  Co,  Cu,  N1 
oxides  [2,22-27]. 

The  experimental  study  of  combustion  processes  in  molded  blocks 
contained  a  metal  magnesium  fuel,  sodium  or  potassium 
perchlorate  oxidants,  and  calcium  peroxide  showed  that  a  CaO 
dope  can  work  similarly  to  BaO  in  Schechter’s  candle  [1].  The 
dosed  rise  of  the  peroxide  content,  in  both  cases,  allows  to 
decrease  the  content  of  a  fuel.  In  both  cases  one  can  diminish 
the  amount  of  toxic  impurities  in  gas,  the  temperature  and  rate 
of  combustion  front.  In  our  experiments  with  CaO  ,  a  burning 
composition  were  obtained  which  had  the  temperature  in  the 
front  about  650° C. 

The  results  of  present  piper,  as  against  [15-19,22-24,28,31-35] 
make  possible  a  new  estimation  of  outlook  of  applying  the 
oxides,  peroxides,  and  hydroxides  of  calcium  with  the  purpose 
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forming  oxide  can  accelerate  the  oxygen  evolution  from 
perchlorate  source  on  heating  too  [51] . 

Experimental  data  obtained  for  mixtures:  KCIO  -  CaO  are  by 
far  distinguished  from  results  presented  by  S^imokawabe  e.a. 

[23]  for  system  KCIO  -  CaO.  In  the  last  case,  the  start  of 
heat  evolving  at  decomposition  of  sample  (about  525° C)  and  the 
largest  rate  of  Its  exothermic  disintegration  (about  545° C) 
practically  check  with  picture  of  KCIO  chemical  conversion  In 
presence  of  Ca(OH)  In  our  experiments  (table  1).  Taking 
account  of  results  obtained  In  [40-47],  we  assumed  that  the 
hydroxide  and  even  peroxide  groups  can  prevent  or  hinder  a 
catalytic  action  of  CaO  for  thermolysis  of  alkali  metal 
perchlorates. 

The  experimental  data  obtained  for  samples,  which  contained 
beforehand  prepared  calcium  oxide,  give  evidence  (table  1)  that 
the  free  surface  of  CaO  at  specific  ratios  oxide/salt  can 
quickly  and  completely  decompose:  NaClO  at  430  -  460° C,  KCIO 
at  480  -  500° C.  The  decrease  ( 120-140° C^  of  the  temperature  for 
the  final  oxygen  evolution  Is  close  to  effect  of  Fe,  Co,  Cu,  Ni 
oxides  [2,22-27]. 

The  experimental  study  of  combustion  processes  In  molded  blocks 
contained  a  metal  magnesium  fuel,  sodium  or  potassium 
perchlorate  oxidants,  and  calcium  peroxide  showed  that  a  CaO 
dope  can  work  similarly  to  BaO  In  Schechter’s  candle  [1].  The 
dosed  rise  of  the  peroxide  content.  In  both  cases,  allows  to 
decrease  the  content  of  a  fuel.  In  both  cases  one  can  diminish 
the  amount  of  toxic  Impurities  In  gas,  the  temperature  and  rate 
of  combustion  front.  In  our  experiments  with  CaO  ,  a  burning 
composition  were  obtained  which  had  the  temperature  In  the 
front  about  650° C. 

The  results  of  present  piper,  as  against  [15-19,22-24,28,31-35] 
make  possible  a  new  estimation  of  outlook  of  applying  the 
oxides,  peroxides,  and  hydroxides  of  calcium  with  the  purpose 


of  promoting  the  decomposition  of  oxidants  traditional  for 
pyrotechnic  oxygen  generators. 

Ca(OH)^  can  find  application  as  a  component  taking  up  the  heat 
and  stabilizing  the  rate  of  combustion,  as  a  substance  having 
an  Influence  on  decomposition  of  alkali  metal  perchlorates 
(table  1)  and,  to  all  appearances,  chlorates. 

CaO  as  a  effective  catalyst  of  the  oxidants  thermolysis  (Table 
1)  probably  can  have  limited  use  through  hygroscoplclty. 

The  calcium  peroxide  is  of  the  greatest  Interest.  The  use  of 
CaO^  additions  In  order  to  lower  the  temperature  of 
decomposition  of  perchlorate  and  chlorate  oxygen  carrier  in 
absence  of  perceptible  metallate  formation  leads  to  the 
decrease  of  Cl^ -Impurities  in  evolving  gas.  The  CaO  has  the 
low  toxicity  of  thermolysis  products,  the  low  molecular  weight, 
the  sufficiently  low  degradation  rate  in  humid  air  [68].  These 
properties  allows  to  see  the  CaO  as  promise  material  for 
advanced  pyrotechnic  oxygen  gasgenerators. 
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PERSPECTIVES  FOR  SYNTHESIS  OF  COVALENT  CARBON  NITRIDE 
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ABSTRACT 

The  present  work  is  devoted  to  determination  of  conditions  of  thermodyna¬ 
mic  stability  of  carbon  nitride  having  structure  of  3-C3N4.  The  thermody¬ 
namic  functions  of  crystalline  covalent  carbon  nitride  required  for  thermo¬ 
dynamic  reckoning  of  parameters  of  formation  of  carbon  nitride  were  de¬ 
termined  on  the  base  of  the  Debye's  theory  with  the  characteristic  tempe¬ 
rature  varied  in  the  range  from  1000  to  2500  K.  The  formation  enthalpy 
of  carbon  nitride  was  estimated  on  the  base  of  the  energy  of  atomization 
and  formation  enthalpy  of  a  mixture  of  atomized  carbon  and  nitrogen.  The 
resulted  quantity  of  the  standard  formation  enthalpy  of  covalent  carbon 
nitride  at  298.15  K  made  up  4.47  kcal/mol.  Thermodynamic  computations 
were  accomplished  with  the  use  of  the  Automated  System  of  Thermodyna¬ 
mic  Reckonings  and  Algorithms  ASTRAL.  Behavior  of  the  gaseous  phase 
of  a  chemical  system  was  described  by  the  BKW-RR  equation  of  state. 
Carbon  nitride  was  considered  to  be  incompressible.  The  region  of  thermo¬ 
dynamic  stability  of  covalent  carbon  nitride  is  computed-  It  is  shown  that 
in  contrast  to  the  carbon  condensation  into  graphite  the  pressure  of  con¬ 
densation  of  g-C3N4  when  adding  other  chemical  elements  to  a  thermody¬ 
namic  system  can  not  only  increase  but  decrease  as  well.  Consideration  of 
detonation  and  explosion  processes  in  high  explosives  shows  a  way  for 
practical  synthesis  of  covalent  carbon  nitride. 

Nitrides  constitute  an  important  class  of  ceramic  materials.  Among  them 
are  well  known  nitrides  of  boron,  aluminum,  silicon.  In  this  connection  it 
seems  rather  strange  that  up  to  now  carbon  nitride  has  not  obtained  yet; 
though  there  is  no  any  a  priori  restriction  for  its  existence  and  the  num¬ 
ber  of  chemical  compounds  consisting  of  only  carbon  and  nitrogen  is  quite 
great.  The  interest  to  carbon  nitride  has  significantly  risen  since  the  time 
when  on  the  base  of  a  simple  scale  model  with  exponential  dependence  of 
the  bulk  modulus  of  a  crystalline  substance  on  the  covalent  bond  length 
with  correction  on  its  "ionization"  Cohen  Cl]  proposed  that  the  solid 
formed  from  carbon  and  nitrogen  atoms  with  covalent  inter-atom  bonds 
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can  have  the  value  of  bulk  modulus  higher  than  that  of  diamond.  Since 
the  hardness  of  a  material  is  directly  connected  with  its  bulk  modulus 
then  it  followed  from  the  Cohen's  estimation  that  there  was  a  possibility 
of  existence  of  the  substance  harder  than  diamond. 


Later  Liu  and  Cohen  [2]  published  the  results  of  ab  initio  calculations  of 
structural  and  electronic  properties  of  the  hypothetical  compound  P-C3N4. 
A  first  principles  pseudopotential  total  energy  calculation  on  the  system 
was  performed.  The  resulting  value  of  bulk  modulus  (427  GPa)  obtained  by 
fitting  the  total  energy  as  a  function  of  volume  to  Murnaghan's  equation 
of  state  [3J  occurred  to  be  by  10%  less  than  it  was  predicted  by  the  scale 
model  and  less  than  the  bulk  modulus  value  of  diamond  (443  GPa).  Never¬ 
theless,  the  possibility  of  existence  of  the  new  substance  with  the  com¬ 
pressibility  value  close  to  that  of  diamond  aroused  great  interest  to  it  and 
attempts  to  synthesize  this  substance  [4-9]. 

In  this  connection  it  is  interesting  to  find  out  the  possibility  of  existence 
of  such  substance  and  conditions  of  its  thermodynamic  stability.  Liu  and 
Cohen  [2]  noticed  that  the  chosen  structure  of  the  C-N  system  (3-C3N4) 
was  only  a  prototype  and  there  was  no  reason  a  priori  to  believe  that  this 
structure  was  the  most  stable  one.  However,  the  moderately  large  cohesive 
energy  suggested  that  there  was  a  good  chance  that  this  structure  could 
exist  at  least  in  a  metastable  state. 

The  present  work  is  devoted  to  a  determination  of  the  conditions  of  ther¬ 
modynamic  stability  of  carbon  nitride  in  the  structure  of  3-C3N4.  In  this 
structure  each  carbon  atom  is  connected  by  the  identical  bonds  with  four 
nitrogen  atoms  placed  practically  in  the  vertexes  of  a  tetrahedron,  and 
each  nitrogen  atom  is  connected  with  three  carbon  atoms  by  the  same 
bonds  coordinated  in  an  almost  trigonal-planar  arrangement.  Such  atomic 
coordination  suggests  sp3  hybrids  on  the  carbon  atoms  and  sp2  hybrids  on 
the  nitrogen  atoms. 


Just  as  the  phase  diagram  of  carbon  was  computed  for  determination  of 
conditions  ol  diamond  thermodynamic  stability  CIO]  one  can  compute  condi¬ 
tions  of  formation  ol  3“C3N4  for  what  it  is  necessary  to  know  the  ther¬ 
modynamic  functions  of  this  substance. 

Thermodynamic  functions  of  crystalline  substance  are  quite  well  described 
by  the  Debye's  approximation  [11]  that  is  proved  by  a  good  correlation 
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between  the  graphite— diamond  equilibrium  line  computed  with  the  use  of 
the  theory  of  Debye  for  determination  of  the  diamond  thermodynamic 
functions  [10]  and  the  phase  diagram  of  carbon  [123  based  on  the  experi¬ 
mental  data. 

To  use  the  Debye's  theory  for  a  calculation  of  the  thermodynamic  func¬ 
tions  of  covalent  carbon  nitride  one  should  know  its  characteristic  Debye 
temperature.  Proceed  from  the  value  of  Debye  temperature  of  diamond 
(1840  K)  one  can  assume  that  the  Debye  temperature  of  carbon  nitride 
should  have  the  same  order.  Therefore  the  basic  value  of  characteristic 
temperature  for  the  crystalline  structure  3-C3N4  is  accepted  in  this  work 
equal  to  1500  K. 

The  formation  enthalpy  of  carbon  nitride  is  estimated  on  the  base  of  the 
energy  of  atomization  and  formation  enthalpy  of  a  mixture  of  atomized 
carbon  and  nitrogen.  The  atomization  energy  is  calculated  as  the  energy 
required  for  breaking  all  chemical  bonds  in  1  mole  of  carbon  nitride  with 
formation  of  3  moles  of  atomized  carbon  and  4  moles  of  atomized  nitro¬ 
gen.  Since  the  calculated  length  of  a  bond  in  P-C3N4  (0.147  nm  [2])  and 
the  C-N  bond  length  in  a  methylamine  molecule  (0.1474  nm  113])  practi¬ 
cally  coincide  then  the  breakage  energy  of  a  C-N  bond  in  carbon  nitride 
is  accepted  to  be  equal  to  80  kcal/mol  what  corresponds  to  the  energy  of 
bond  breakage  of  the  carbon  and  nitrogen  atoms  in  methylamine  (80.7 
kcal/mol  [141).  The  resulting  quantity  of  the  standard  enthalpy  of  forma¬ 
tion  of  covalent  carbon  nitride  at  298.15  K  makes  up  4.47  kcal/mol. 

Thermodynamic  computations  were  conducted  with  the  use  of  the  Auto¬ 
mated  System  of  Thermodynamic  Reckonings  and  Algorithms  ASTRAL 
based  on  the  methods  described  in  [151.  Behavior  of  the  gaseous  phase  of 
thermochemical  system  was  described  by  the  equation  of  state  of  Becker- 
Kistiakowsky-Wilson  widely  used  in  thermodynamic  computations  of  detona¬ 
tion  and  explosion  processes  in  high  explosives  and  improved  in  1161 
(BKW-RR).  Carbon  nitride  was  assumed  incompressible. 

The  computed  dependence  of  pressure  of  3-C3N4  formation  on  the  tempe¬ 
rature  of  system  consisting  of  only  carbon  and  nitrogen  is  presented  in 
Fig.  1  in  comparison  with  the  phase  diagram  of  carbon  110,121.  Unlike  to 
diamond  having  the  other  solid  phase  —  graphite,  carbon  nitride  apparently 
does  not  have  another  solid  phase  of  the  same  composition.  That  is  why 
the  line  of  formation  of  carbon  nitride  in  Fig.  1  corresponds  not  to  the 


Fig.  ].  The  condensation  line  of  P-C3N4  on  the  phase  diagram  of 
carbon  by  Bundy  112].  Dashed  line  —  the  diamond-graphite  equlibrium  com- 
putalions  [10]. 


66 


5 


phase  transition  but  to  formation  of  the  new  substance.  Moreover,  in  con¬ 
trast  to  the  equilibrium  of  condensed  phases  the  pressure  and  temperature 
of  which  are  fixed  independently  of  the  system  composition,  the  pressure 
of  solid  carbon  nitride  formation  can  vary  at  a  fixed  temperature  value  in 
dependence  on  the  system  composition  similar  to  that  what  is  observed  in 
the  case  of  carbon  condensation  into  graphite  under  low  pressures  llOJ. 

It  should  be  noticed  that  in  the  case  of  presence  of  the  solid  phase  of 
C3N4  with  another  crystal  structure  and  less  density  the  pressure  of  ther¬ 
modynamic  stability  of  p-struclure  at  a  given  temperature  would  be  not 
less  but  rather  higher  than  in  the  case  under  consideration.  For  example, 
the  carbon  condensation  pressure  into  diamond  phase  computed  in  the 
absence  of  possibility  of  graphite  formation  is  several  orders  less  than  the 
real  graphite-diamond  equilibrium  pressure  and  a  bit  higher  than  the  pres¬ 
sure  of  carbon  condensation  into  graphite. 

The  influence  of  composition  of  a  chemical  system  on  the  boundary  of  a 
region  of  thermodynamic  stability  of  carbon  nitride  is  illustrated  by  depen¬ 
dences  given  in  Fig.  2.  Unlike  carbon  condensation  into  graphite  CIOJ  the 
pressure  of  0-C3N4  condensation  can  not  only  increase  as  in  the  case  of 
addition  of  chemically  reacting  water  to  the  C-N  system  (line  1)  but  de¬ 
crease  as  well  by  diluting  the  C-N  system  with  inert  helium  (line  2,  the 
helium  covolume  in  computations  was  arbitrarily  assumed  to  be  100). 

The  use  of  1500  K  as  the  characteristic  Debye  temperature  while  calcula¬ 
ting  the  thermodynamic  functions  of  covalent  carbon  nitride  is  rather  arbi¬ 
trary.  Therefore  a  question  arises  about  influence  of  the  Debye  tempera¬ 
ture  quantity  on  a  location  of  the  region  of  thermodynamic  stability  of 
covalent  carbon  nitride.  The  answer  on  the  question  is  given  by  the  graph 
of  3-C3N4  condensation  pressure  dependences  on  temperature  computed 
with  the  different  values  of  Debye  temperature  in  an  interval  from  1000 
to  2500  K  and  given  in  Fig.  3.  From  the  graph  it  follows  that  the  boun¬ 
dary  of  thermodynamic  stability  region  moves  insignificantly  and  the 
choice  of  the  value  of  1500  K  can  be  considered  as  quite  good  estimation 
of  Debye  temperature  for  calculation  of  the  thermodynamic  functions  of 
covalent  carbon  nitride. 

The  two  ways  of  synthesis  of  superhard  materials  the  region  of  thermody¬ 
namic  stability  of  which  falls  on  the  superhigh  pressures  are  known:  1) 
synthesis  in  the  thermodynamic  stability  region  —  so  called  High  Pres- 
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Fig.  2.  Dependence  of  condensation  pressure  of  P-C3N4  on  molar 
percentage  of  addition  to  a  C-N  system  at  T  =  1000  K  and  0^  =  1500  K. 
Lines  correspond  to  the  addition  of:  1  —  water  with  possibility  of  che¬ 
mical  reacting;  2  —  inert  helium.  The  dashed  line  —  without  any  addition. 


sure-High  Temperature  (HPHT)  synthesis,  and  2)  synthesis  of  thin  films 
on  a  surtace  under  low  and  superlow  pressures  outside  the  thermodynamic 
stability  region  -  so  called  Chemical  Vapor  Deposition  (CVD)  synthesis. 

By  now  discovery  of  traces  of  a  film  of  covalent  carbon  nitride  is  sup¬ 
posed  only  in  experiments  on  CVD  synthesis  18, 9J.  There  is  no  one  com¬ 
munication  in  a  literature  about  obtaining  carbon  nitride  by  the  HPHT  me¬ 
thod.  And  this  result  comes  to  a  good  agreement  with  the  computed  in  the 
present  work  region  of  thermodynamic  stability  of  covalent  carbon  nitride. 

To  substantiate  the  previous  statement  let  us  consider  one  of  the  main 
processes  ol  the  HPHT  method  of  synthesis  of  superhard  materials  —  a 
detonation  ol  high  explosives.  The  detonation  parameters  of  triaminotrini- 
troben/.ene  (TATB)  C^^H^N^P^.  cyanurtriazide  (CTA)  C3N12,  and  triazido- 
tricyanobenzene  (TATCB)  CgNj2  are  presented  by  points  in  Fig.  4  in 
comparison  with  the  regions  of  thermodynamic  stability  of  bulky  and  di¬ 
spersed  diamond  [16,17]  and  covalent  carbon  nitride.  It  follows  from  com¬ 
parison  of  the  detonation  parameters  and  thermodynamic  stability  regions 
that  in  detonation  products  there  can  be  formed  diamond  (what  has  being 
already  used  for  a  long  time  while  synthesizing  ultra-dispersed  diamond) 
but  not  carbon  nitride.  Indeed,  even  in  the  low-temperature  detonation  pro¬ 
ducts  of  TATB  the  quite  high  (for  detonation  products  of  high  explosives) 
pressure  is  not  high  enough  for  carbon  nitride  condensation.  Parameters  of 
the  products  while  unloading  from  the  Chapman-Jouguet  point  modelled  in 
computations  of  isentropic  expansion  are  depicted  in  Fig.  4  by  solid  lines 
originating  from  the  points  corresponding  to  the  Chapman-Jouguet  states. 
These  lines  are  placed  far  from  the  line  of  carbon  nitride  condensation 
and  go  almost  parallel  to  it.  This  means  that  the  conditions  in  detonation 
products  are  far  from  that  required  for  carbon  nitride  synthesis,  and  the 
process  of  detonation  of  high  explosives  itself  cannot  be  considered  as  the 
promising  one  for  synthesis  of  covalent  carbon  nitride. 

One  more  process  related  to  the  HPHT  method  which  is  promising  for 
synthesis  of  diamond  consists  in  the  adiabatic  explosion  of  a  high  explosive 
under  constant  volume  with  following  isochoric  cooling  the  explosion  pro¬ 
ducts  117].  Let  us  see  whether  this  process  can  be  used  for  the  carbon 
nitride  synthesis. 

In  Fig.  5  the  points  represent  the  computed  parameters  of  adiabatic  explo¬ 
sion  of  the  three  explosives  mentioned  above  and  the  lines  originating 
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from  these  points  represent  the  parameters  of  isochoric  cooling  of  explo¬ 
sion  products  in  comparison  with  the  lines  of  phase  equilibrium  of  bulky 
and  dispersed  solid  carbon  [16,17]  and  the  line  of  P-C3N4  appearance.  It 
follows  from  Fig.  5  that  while  isochoric  cooling  the  point  corresponding  to 
the  states  of  explosion  products  move  first  into  the  region  of  thermodyna¬ 
mic  stability  of  diamond  and  then,  while  further  temperature  decreasing, 
into  the  region  of  carbon  nitride  stability. 

Thus,  from  the  theoretical  point  of  view  the  process  of  adiabatic  explosion 
of  high  explosive  with  following  isochoric  cooling  of  explosion  products  can 
be  used  for  synthesis  of  covalent  carbon  nitride.  However,  for  its  practical 
application  one  can  put  forward  at  least  two  obstacles.  Firstly,  it  is 
impossible  to  keep  the  volume  of  explosion  products  unchanged  under  such 
high  pressures  and  temperatures  which  are  reached  at  an  explosion  of  high 
explosive.  Secondly,  explosion  products  come  into  the  region  of  thermody¬ 
namic  stability  of  carbon  nitride  at  a  rather  low  temperature.  But  for  con¬ 
densation  of  a  significant  amount  of  carbon  nitride  in  a  system  consisting 
of  carbon  and  nitrogen  the  required  amount  of  carbon  can  be  obtained  only 
from  diamond  already  formed,  i.e.  formation  of  &-C3N4  is  performed  by 
means  of  evaporation  of  carbon  from  diamond  and  condensation  of  carbon 
vapor  with  nitrogen. 

As  a  result  of  the  undertaken  consideration  of  the  detonation  and  explo¬ 
sion  processes  in  high  explosives  one  can  conclude  that  these  processes 
hardly  can  be  directly  used  for  synthesis  of  carbon  nitride.  This  conclusion 
is  indirectly  confirmed  by  the  fact  that  by  now  carbon  nitride  has  not 
been  yet  discovered  neither  in  the  detonation  nor  in  explosion  products. 

Knowledge  of  the  region  of  thermodynamic  stability  of  carbon  nitride 
allows  to  purposefully  research  new  possibilities  and  processes  for  synthe¬ 
sizing  this  substance  within  the  bounds  of  the  HPHT  way. 


66  -  12 


References 

1.  Cohen  M.L.  -  Phys.  Rev.,  1985,  V.  B32,  p.  7988, 

2.  Liu  A.Y.,  Cohen  M.L.  Prediction  of  New  Low  Compressibility  Solids.  - 
Science,  1989,  V.  245,  p.  841. 

3.  Murnaghan  F.D.  —  Proc.  Nat.  Acad.  Sci.  U.S.A.,  1944,  V.  30,  p.  244. 

4.  Sekine  T.,  Kanda  H.,  Bando  Y  et  al.  A  Graphitic  Carbon  Nitride.  —  J. 
Materials  Sci.  Lett.,  1990,  V.  9.  p.  1376. 

5.  Maya  L.,  Cole  D.R.,  Hagaman  E.W.  Carbon— Nitrogen  Pyrolyzates: 

Attempted  Preparation  of  Carbon  Nitride.  —  J.  Am.  Ceram.  Soc.,  1991,  V. 
74,  No.  7.  p.  1686. 

6.  Schnick  W.  Carbon! IV)  Nitride  C3N4  -  A  New  Material  Harder  Than 

Diamond?  —  Angew.  Chem.  Int.  Ed.  Engl.,  1993,  V.  32,  No.  11,  p.  1580. 

7.  Niu  C.,  Lu  Y.Z.,  Lieber  C.M.  -  Science.  1993,  V.  261,  p.  334. 

8.  Yu  K.M.,  Cohen  M.L.,  Haller  F.E.,  et  al.  Observation  of  crystalline 

C3N4.  -  Phys.  Rev.,  1994.  V.  B49,  No.  7,  p.  5034. 

9.  Song  H.W.,  Cui  F.Z.,  He  X.M.,  el  al.  Carbon  Nitride  Films  Synthe¬ 
sized  by  N  H3"ion-beam-assisted  Deposition.  —  J.  Phys.:  Condens.  Matter, 
1994,  V.  6,  p.  6125. 

10.  Gubin  S.A.,  Odintsov  V.V.,  Pepekin  V.I.  Diagram  of  Phase  Stales  of 
Carbon  and  Us  Consideration  in  Computations  of  Detonation  Parameters.  — 
Khimicheskaya  Fizika  (Chem.  Phys.),  1986,  V,  5,  No.  1,  p.  111.  (Russ.). 

11.  Tsan  Sue-Sen.  Physical  Mechanics.  —  Moscow:  ”Mir",  1965.  (Russ.). 

12.  Bundy  F.P.  —  J.  Geophys.  Res.,  1980,  V.  85,  No.  B12,  p.  6930. 

13.  Wells  A.F.  Structural  Inorganic  Chemistry.  —  Oxford:  Clarendon  Press, 
1986. 


14.  Brief  Handbook  of  Physical  and  Chemical  Quantities.  Ed.  by  Ravdel 
A. A.  and  Ponomarev  A.M.  —  Leningrad:  "Khimiya",  1983,  p.  218.  (Russ.). 

15.  Gubin  S.A..  Odintsov  V.V..  Pcpekin  V.I.  Thermodynamic  Computations 
of  Complex  Chemical  Systems.  -  Moscow,  Mosc.  Phys.  Eng.  Inst.,  1987. 
(Russ.). 

16.  Gubin  S.A.,  Odintsov  V.V.,  Pepekin  V.I.  Thermodynamic  Computation 
of  Ideal  and  Non-ideal  Detonation.  -  Fizika  Goreniya  i  Vzryva  (Phys.  of 
Combust,  and  Explos.),  1987,  No.  4,  p.75.  (Russ.). 

17.  Gubin  S.A.,  Odintsov  V.V.,  Pepekin  V.I.  Thermodynamic  Calculations 
of  Detonation  Parameters.  -  Proc.  16-th  Int.  Pyrotechnics  Seminar,  Swe¬ 
den.  1991,  p.  325. 


67-1 


DEFLAGRATION  AND  DETONATION  PREDICTIONS  USING  A  NEW 
EQUATION  OF  STATE 

by 

L.  Duraes.  J.  Campos  and  J.  C.  Gois 

Lab.  of  Energetics  and  Detonics 
Mech.  Eng.  Dep.  -  Fac.  of  Sciences  and  Technology 
University  of  Coimbra  -  3000  Coimbra  -  PORTUGAL 


Abstract 

Design  and  production  of  energetic  materials  requires  prediction  of  dynamic  properties  and 
pollutants  from  its  combustion  products.  Dynamic  properties  are  generally  correlated  to  the 
theoretical  adiabatic  isobar  and  isochor  combustion  conditions  -  deflagration  regime. 
Detonation  regime  is  identified  to  Chapman  Jouguet  condition.  The  following  text  presents 
the  general  structure  of  THOR  code,  to  calculate  equilibrium  thermod^amic  properties  and 
final  compositions  of  gas  and  solid  species,  as  a  function  of  the  initial  composition  of 
energetic  system.  Used  new  equation  of  state,  named  H^,  is  a  Boltzmann  equation  of  state 
type,  but  now  based  on  physical  intermolecular  potential  of  gas  components  instead  of 
correlations  from  final  experimental  results.  The  presented  equation  and  formulations  show 
an  excellent  correlation  with  experimental  results  of  type  cases:  isobar  and  isochor  adiabatic 
combustions  and  Chapman  Jouguet  detonation.  The  most  delicate  predictions  are  related  to 
the  detonation  conditions.  The  validation  of  preceding  formulations  and  proposed  equation  of 
state  has  been  done  calculating,  initially,  the  properties  of  reactive  gaseous  mixtures,  in  order 
to  neglect  the  influence  of  solid  products.  Secondly,  it  was  correlated  to  experimental  results 
of  a  fundamental  study  case:  mixtures  of  nitromethane  -  polymethylmetacrylate,  changing  its 
initial  density  by  adding  glass-microballoons.  Finally,  it  is  presented  the  most  sensible  case  - 
detonation  of  condensed  energetic  materials:  TMN,  NM,  HMX,  RDX,  PETN,  TATB,  TNT, 
AN,  NG  and  NC(12,6%N).  Obtained  results  and  correlations  prove  the  validity  of  used  code 
and  proposed  equation  of  state. 


1.  INTRODUCTION 

Design  and  production  of  energetic  materials,  propellants  and  explosives,  requires  the 
prediction  of  the  thermodynamic  properties  of  its  combustion  products.  Curing  agents, 
plasticizers,  crosslinkers,  stabilizers  and  antioxidants  are  also  important  to  optimise 
mechanical  and  energetic  properties  of  this  kind  of  molecules  and  mixtures  (vd.  Timnat, 
1987).Theoretical  prediction  codes  of  combustion  products  properties  are  based  in 
thermodynamic  equilibrium  of  products,  for  the  minimum  value  the  Gibbs  free  energy.  They 
need  a  thermal  equation  of  state.  The  most  simple  equation  of  state  is  the  Perfect  Gases  EoS. 
More  complex  equations  of  state  have  been  developed,  like  the  Boltzmann  EoS,  based  on  a 
virial  type  equation,  necessary  when  the  initial  energetic  material  is  in  condensed  phase  and 
when  combustion  conditions  are  under  high  pressure  and  temperature. 


The  following  text  presents  the  general  structure  of  THOR  code,  to  calculate  equilibrium 
compositions  of  gas  and  solid  species,  as  a  function  of  initial  composition  of  an  energetic 
system.  The  description  of  a  new  equation  of  state,  named  it  is  based  on  the  same 
assumptions  of  a  Boltzmann  equation  of  state,  i.e.  on  physical  intermolecular  potential  of  gas 
components,  instead  of  correlations  to  final  experimental  results.  In  order  to  discuss  the 
validity  of  selected  equation  of  state  and  calculations,  it  is  also  presented  the  correlations 
between  theoretical  and  the  experimental  results,  existing  in  the  open  bibliography,  for  some 
gaseous  mixtures  and  condensed  explosives.  Theoretical  evaluations  concern  adiabatic 
conditions,  identified  to  isobar  and  isochor  combustions  and  Chapman-Jouguet  detonations. 
The  most  delicate  predictions  are  related  to  the  detonation  conditions. 

The  theoretical  prediction  of  combustion  products,  using  THOR  code,  is  based  on  theoretical 
work  of  Heuz6  et  al.,  1985,  1989,  and  later  modified  {vd.  lEPG  Reports,  1989,  and  Campos, 
1991)  in  order  to  calculate  the  composition  and  thermodynamic  properties  of  explosive 
compositions,  for  isobar  and  isochor  adiabatic  conditions  and  a  Chapman-Jouguet 
detonation.  Several  equations  of  state  are  used,  namely  BKW,  Boltzmann,  H9,  H12  and  JCZ3 
(vd.  Heuze,  1989).  Results  have  been  compared  within  themselves  and  with  results  of  other 
codes  referred  in  open  literature  (Quatuor  Code  from  Heuze  et  al.,  1985,  using  BKW  EoS  of 
the  TIGER  Code  (vd.  Chaiken,  1975)  and  using  the  KHT  EoS  of  the  Tanaka  Code,  (Tanaka, 
1983).  The  BKW,  H9  and  H12  EoS  are  generally  selected  for  calculations.  The  first  equation 
EoS  is  the  most  common  in  bibliography  and  the  others  are  the  natural  development  of  a 
Boltzmann  EoS  type,  with  similar  results  to  the  KHT  and  JCZ3  EoS  (vd.  Tanaka,  1983, 
Chaiken,  1975,and  Heuze,  1989). 

2.  CHEMICAL  EQUILIBRIUM  CONDITIONS 

A  classical  combustion  system  is  generally  a  CHNO  system.  It  is  possible  to  consider  up  to 
m  atomic  species  (/w<20)  and  form  n  chemical  components  with  these  atomic  species  (n<40). 
Among  these  n  chemical  components,  m  are  considered  "basic"  chemical  components  and  n- 
m  "non  basic".  The  selection  "ab  initio"  of  the  "basic"  chemical  components  depends  on  the 
equivalence  ratio  r  of  the  mixture,  related  to  the  stoicheiometiy  (r=I).  This  value  must  be  the 
one  which  significant  concentrations  in  final  products  composition  are  expected  . 

For  a  CHNO  system  it  has  been  selected  (vd. ,  Manson,  1976,  Heuze,  1989) 

-  CO2,  H2O,  O2  and  N2  for  poor  mixtures  (r<I), 

-  CO2,  H2,  H2O  and  N2  for  rich  mixtures  (r>l)  of  low  initial  density,  and,  C(s),  CO2, 

H2O  and  N2  for  rich  mixtures  of  high  initial  density  (initial  condensed  or  solid 

components). 
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When  Cl  atomic  species  is  added  must  be  assume  HCl  as  a  “basic”  chemical  component. 

The  mass  balance  yields  a  linear  system  involving  m  equations.  In  order  to  solve  the  problem 
it  is  necessary  to  add  more  {n-m)  equations.  These  n-m  equilibrium  equations  are  determined 
by  the  method  of  Lagrange  multipliers  or  the  equilibrium  constants  (vd.  Manson,  1976, 
Brinkley,  1947,  White  et  al,  1958).  Consequently  the  system  of  equations  is  formed  by  m 
linear  atomic  mass  balance  equations  and  {n-m)  non  linear  equilibrium  equations. 

In  order  to  determine  the  chemical  concentration  of  n  components,  for  imposed  P  and  T 
conditions,  t>vo  methods  can  been  used: 

-  the  chemical  affinity  method,  proposed  by  Heuze  et  al.,1985,  1989; 

-  solving  first  the  system  composed  by  the  m  "basic"  components,  and  secondly 
adding  one  by  one  more  components,  optimising  the  relative  concentration  inside  the  group 
reported  to  the  same  atomic  species,  for  the  minimum  value  of  global  Gibbs  free  energy  G  = 
S  xi  Hi,  being  the  Gibbs  free  energy  of  each  component  Hi  =  Goi(T)  +  RTlnP  +  RTln  (xi). 
The  values  of  Goi(T)  are  the  Gibbs  free  energy  as  a  function  of  temperature.  This  second 

method  is  slower  than  the  first,  but  avoid  numeric  problems  (vd.  Campos,  1991). 

The  selection  of  components  are  dependent  of  atomic  initial  composition.  For  a  classical 
CHNO  system  it  is  assumed  an  equilibrium  composition  of  CO2,  CO,  H2O,  N2,  O2,  H2, 
OH,  NO,  H,  N,  O,  HCN,  NH3,  NO2,  N2O,  CH4  gases  and  two  kinds  of  solid  carbon 
(graphite  and  diamond).  When  the  initial  mixture  include  Cl  species,  HCl  and  CI2  are 
expected  in  final  products.  Reported  data  are  from  JANAF  Thermochemical  Tables,  1971, 
and  polynomial  expressions  of  Gordon  and  McBride,  1971.  The  glass  shell  of  glass 
microballoons,  used  to  sensitise  some  propellants  and  explosives,  was  considered  Si02  in 

two  phases,  solid  and  gas.  It  is  assumed  as  inert  in  reaction. 

The  solution  of  composition  problems  involves  simultaneously: 

-  the  thermodynamic  equilibrium,  obtained  with  the  mass  and  species  balance,  and 
the  equilibrium  condition  G=Ginin  (P,T,xi),  previously  described,  applying  to  the  condensed 
phase  the  model  proposed  by  Tanaka,  1983, 

-  the  thermal  equation  of  state  (EoS), 

-  the  energetic  equation  of  state,  related  to  the  internal  energy  E  =  £  xiei(T)  +  Ae, 
ei(T)  being  calculated  from  JANAF  Thermochemical  Tables,  1971,  and  polynomial 
expressions  of  Gordon  and  McBride,  1971, 

-  the  combustion  regime,  being  Pb=Po,  constant,  for  the  isobar  adiabatic  combustion 
(equal  initial  and  final  total  enthalpy  Hb=Ho),  the  isochor  adiabatic  combustion  being  Vb 
=Vo  constant,  (equal  initial  and  final  internal  energy  E)  and  the  Chapman-Jouguet  condition 


n-i 


(mass,  momentum  and  energy  balances  and  dp/dV  ]$  =  [(P-Pq)  /  (V-Vq)])  for  the  detonation 
regime,  based  on  the  assumption  that  the  detonation  velocity  D  is  obtained  adding  sound 
velocity  aQ  with  particular  velocity  Up  (D=ao+Up). 


3.  Hl  equation  of  state 


The  proposed  equation  of  state  is  based  on  the  same  assumptions  of  H9  and  H12  EoS, 
proposed  by  Heuze,  1985,  taking  the  general  expression 


P  V 
n  R  T 


=  a  (V,  T,  Xj) 


where  V  represents  the  volume,  T  the  temperature  and  Xj  the  mass  fraction.  The  second  term, 

a,  represents  a  fifth  order  polynome,  derived  from  a  Boltzmann  EoS,  traducing  very  well  the 
behaviour  of  gaseous  mixtures  at  high  temperatures  and  pressures: 

a  (V,  T,  Xj )  =  1  +x  +  0,625  x^  +  0,287  x^  -  0,093  +  0,014  x^ 

with 


and 


x(V,  T,  Xi)  = 


n 

V 


£1  =  £  Xi  (Oi 
i=I 

The  a  represents  the  exponent  of  the  intermolecular  potential.  Heuze,  1985,  has  proposed  for 
a  the  values  9  and  12,  based  on  theoretical  and  experimental  correlations.  This  approach  lead 
to  H9  and  H12  EoS.  The  values  of  cOj  are  also  dependants  of  each  gas  component  and  Heuze, 

1986,  to  obtain  its  value,  tooks  the  same  procedure.  Their  values  are  independent  of  the  chosen 
a  constant. 

The  HL  EoS  takes  to  a  the  value  of  13.5  proposed  by  Chirat  et  al,  1981,  Brown,  1989,  Bugaut 
et  al,  1989,  and  Zerilli  et  al,  1989.  Consequently  the  cOj  can  be  calculated  assuming 

ixi  c), 

i  =  l 

\  —  ■ 

V 

and,  by  a  similar  procedure  of  a  Boltzmann  type  EoS, 

ixi  Bi 
B  i=l 


V 
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it  can  be  possible 


X  Xi  »i  X  Xi  Bi 

^  1^1 _ 

Y  'j'3/“  V 


which  allows 


3_ 

rp3/a 


=  Bi  (i=l,...,s) 


being  Bj  the  covolume  of  component  i. 

Now 

coj  =  Bj  . 

Using  a  simplified  rigid  sphere  model  (vd.  Montanelli,  1978) 

Bi=|jcr3.  Nav  . 

where  r^j  is  the  molecular  radius  and  N^y  the  Avogadro  number  (  N^y  =  6,02  x  10^3 
molec/mol),  it  can  be  obtained 

0);  =  -  71  Nav 


with 


T  =  0- 
k 


0  10  -  20  30 


Fig.  1  -  Detonation  velocity  of  H2/Air  mixture, 
as  a  function  of  adimensional  temperature  0. 


Fig.  2  -  Detonation  velocity  of  HMX  and  NM 
explosives.as  a  function  of  adimensional 
temperature  0. 


In  these  equations,  0  is  an  adimensional  temperature,  k  the  Boltzmann  constant  (  k  -  1,380  x 
10‘23  J/K  ),  being  the  values  of  r^j  and  £/k  presented  by  Heuze  et  al,  1985.  Several  0  values 
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have  been  tried.  They  have  great  influence  on  predicted  dynamic  properties  of  products  of 
condensed  reactive  mixtures.  An  example  of  its  influence,  on  detonation  velocity  of  an  gaseous 
and  condensed  reactive  mixture,  respectively  H2  /  Air  and  HMX,  NM,  is  presented  in  Fig.  1 
and  2.  The  value  0  =  1.4  has  been  considered  the  best  constant  value.  Calculated  values  of  coj 
for  0  =  1.4,  are  presented  in  Table  I, 


Table  I  -  Calculated  values  of  coj  (cc 


G); 

C02 

326.8 

N2 

261.5 

NO 

239.1 

CO 

261.5 

H2 

112.9 

CH4 

328.6 

H20 

152.7 

O2 

208.7 

NH3 

181.7 

4.  THEORETICAL  PREDICTIONS,  RESULTS  AND  DISCUSSION 
The  validation  of  preceding  formulations  and  presented  equation  of  state  was  done  initially 
calculating  the  properties  of  reactive  gaseous  mixtures  in  order  to  neglect  the  influence  of 
solid  products,  for  the  most  delicate  situation  -  detonation  conditions.  In  Table  II  it  is  shown 
the  selected  reactive  mixtures.  Figure  3  presents  calculated  detonation  velocity,  pressure  and 
temperature,  as  a  fiinction  of  chosen  EoS  and  experimental  results.  The  obtained  pollutants 
concentration  is  presented  in  Figure  4. 


Table  II  -  Reactive  mixtures  used  in  calculations. 


Gaseous 

H2 

H2 

CH4 

CH4 

C2H2 

C2H2 

C2H4 

C2H4 

C3H8 

C3H8 

Mixtures 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

O2 

Air 

O2 

Air 

O2 

Air 

O2 

Air 

O2 

Air 

Explosives 

TNM 

NM 

HDX 

RDX 

PETN 

TATB 

TNT 

AN 

NG 

NC* 

(*)  12,6  %  N. 


The  fundamental  study  case  is  based  in  nitromethane  (NM),  a  pure  chemical,  liquid,  very 
known,  homogeneous  explosive,  changing  its  initial  density  by  adding  small  percent  of  glass 
microballoons  (GMB),  used  generally  to  sensitize  emulsion  explosives  (vd.  Gois  et  al,  1993). 
GMB  are  type  C 15/250  (supplied  by  3M  Corporation)  with  1  pm  wall  thickness  and  an 

effective  density  about  150±3  kg.m  •  They  were  sieved  in  different  granulometric  classes. 
Three  of  them  (Table  III)  were  selected  to  study  the  effect  of  GMB  on  detonation  velocity. 
Detonation  velocity,  refered  to  infinite  diameter,  (obtained  by  extrapolation),  decreases  linearly 
with  increasing  GMB  concentration. 
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Fig.  3  -  Detonation  velocity,  pressure  and  temperature  of  gaseous  mixtures 


gaseous  mixtures 

Fig.  4  -  Pollutants  concentration  from  gaseous  mixtures. 


Table  III  -  Density  of  NM/PMMA-GMB  mixtures,  as  a  function  of  mass  fraction  (X)  and  the 

mean  particle  size  of  GMB  (dp^g). 


dPso  (Jim) 
dPio-dP9o  (pm) 

45 

37-50 

75 

25-110 

100 

34-154 

0 

1.13 

1.13 

1.13 

0.5 

- 

1.09 

- 

1 

1.09 

_ 

- 

1.44 

- 

- 

0.95 

X(%) 

1.04 

0.97 

_ 

2 

1.00 

_ 

3 

0.96 

- 

4.36 

. 

0.79 

0.68 

5 

0.90 

, 

_ 

6.5 

For  low  GMB  concentration  its  values  (vd.  Fig.  5  )  show  an  excelent  correlation  with 
theoretical  predictions  using  Hl  EoS.  For  high  GMB  concentration  the  influence  of  GMB  is 
more  important. 


Fig.  5  -  Experimental  and  calculated  detonation  velocity  of  NM  -  PMMA  mixtures  with  GMB 

of  indicated  mean  diameter. 


□  (nWs) 


The  most  sensible  cases  are  detonation  of  condensed  explosives:  TMN,  NM,  HMX,  RDX, 
PETN,  TATB,  TNT,  AN,  NG  and  NC(12,6%N)  (vd.  Table  II).  Figs.  6,  7  and  8  show  the 
detonation  velocity,  pressure  and  pollutants  concentration  of  these  energetic  materials. 


Fig.  6  -  Detonation  velocity  of  explosives. 
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Fig.  8  -  Pollutants  concentration  from  explosives. 

Analysis  of  the  calculated  combustion  and  detonation  products  allows  to  conclude: 

-  there  is  no  influence  of  EoS  selected  to  predict  combustion  products  of  gas  reactants,  the 
influence  is  insignificant  in  detonation  regime, 

-  there  is  a  great  influence  of  EoS  selected  to  predict  combustion  products  of  condensed 
reactants,  specially  in  detonation  regime. 

In  general,  it  is  observed  a  very  good  correlation  between  detonation  theoretical  values  using 
Hl  EoS  and  other  EoS.  The  correlation  of  theoretical  predictions  with  experimental  values, 
refered  to  infinite  charge  diameter,  show  a  very  good  correlation  for  the  condensed  reactive 
mixtures  of  equivalence  ratio  near  the  stocfaiometry.  Predicted  values,  using  Hl  EoS,  are  very 
sensible  to  the  existence  of  excess  of  carbon  for  the  richest  mixtures. 

5.  CONCLUSIONS 

The  present  proposed  Hl  EoS  is  based  on  the  same  assumptions  of  H9  and  H12  EoS  but  it  is 
based  on  physical  intermolecular  potential  of  gas  components  instead  of  correlations  to  final 
experimental  results. 

The  preceding  equations  and  formulations  show  an  excellent  correlation  with  experimental 
results  of  general  cases:  isobar  and  isochor  adiabatic  combustions  and  Chapman-Jouguet 
detonation.  The  most  delicate  predictions,  related  to  the  detonation  conditions,  are  presented. 
There  is  no  influence  of  EoS  selected  to  predict  combustion  products  of  gas  reactants,  and  its 
influence  is  insignificant  in  detonation  regime.  Combustion  products  of  condensed  reactants, 
specially  in  detonation  regime  are  dependent  of  chosen  EoS. 

The  correlation  of  theoretical  predictions  with  experimental  values,  refered  to  infinite  charge 
diameter,  show  a  ver>'  good  correlation  for  the  condensed  reactive  mixtures  of  equivalence  ratio 
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ratio  near  the  stochiometry.  Predicted  values,  using  EoS,  are  very  sensible  to  the  existence 
of  excess  of  carbon  for  the  richest  mixtures. 

Obtained  results  and  correlations  prove  the  validity  of  used  code  and  proposed  equation  of 
state. 
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ABSTRACT 

To  model  the  shock-induced  behavior  of  porous  or  damaged  energetic  materials,  a  non¬ 
equilibrium  mixture  theory  has  been  developed  and  incorporated  into  the  shock  physics  code, 
CTH.  The  foundation  for  this  multiphase  model  is  based  on  a  continuum  mixture  formulation 
given  by  Baer  and  Nunziato.  In  this  nonequilibrium  approach,  multiple  thermodynamic  and 
mechanics  fields  are  resolved  including  the  effects  of  relative  material  motion,  rate-dependent 
compaction,  drag  and  heat  transfer  interphase  effects  and  multiple-step  combustion. 

This  multiphase  mixture  model  provides  a  thermodynamical  and  mathematically  consis¬ 
tent  description  of  the  self- accelerated  combustion  processes  associated  with  defiagration-to-det- 
onation  and  delayed  detonation  behavior  which  are  key  modeling  issues  in  safety  assessment  of 
energetic  systems.  An  operator-splitting  method  is  used  in  the  implementation  of  this  model, 
whereby  phase  diffusion  effects  are  incorporated  using  a  high  resolution  transport  method.  Inter¬ 
nal  state  variables,  forming  the  basis  for  phase  interaction  quantities,  are  resolved  during  the 
Lagrangian  step  reauiring  the  use  of  a  stiff  matrix-free  solver.  Remapping  of  these  mixture  phase 
variables  is  conducted  to  preserve  overall  mixture-averaged  mass,  momentum  and  energy. 

Benchmark  calculations  are  presented  which  simulate  low-velocity  piston  impact  on  a 
propellant  porous  bed  and  experimentally -measured  wave  features  are  well  replicated  with  this 
model.  This  mixture  model  introduces  micromechanical  models  for  the  initiation  and  growth  of 
reactive  multicomponent  flow  that  are  key  features  to  describe  shock  initiation  and  self- 
accelerated  deflagration-to-detonation  combustion  behavior.  To  complement  one-dimensional 
simulation,  two-dimensional  numerical  calculations  are  presented  which  indicate  wave  curvature 
effects  due  to  the  loss  of  wall  confinement. 

INTRODUCTION 

Hazards  analysis  studies  for  weapon  systems  safety  and  surety  assessment  includes 
consideration  of  a  variety  of  accidental  scenarios  whereby  impact  conditions  can  lead  to  direct 
shock  initiation  or  other  modes  of  combustion  such  as  deflagration-to-detonation  transition  (DDT) 
and  delayed  detonation  (XDT).  These  modes  of  combustion  can  self-accelerate  into  detonation 
due  to  the  behavior  of  the  energetic  material  microstructure.  In  particular,  the  coupled  thermal/ 
chemical/mechanical  response  of  internal  boundaries  is  the  key  issue  for  assessing  the  violence  of 
reaction  resulting  from  combustion  of  the  energetic  material. 

A  continuum  multiphase  model  has  been  developed  which  describes  well  the  self-accelerated 
combustion  of  granular  materials  as  demonstrated  in  references  1  and  2.  A  variety  of  energetic 
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materials,  including  explosives  and  propellants,  has  been  experimentally  and  theoretically  studied 
to  provide  a  foundation  for  simulation  in  multidimensional  analyses.  This  multiphase  model  has 
been  recently  incorporated  into  the  Sandia  National  Laboratories  shock  physics  code  -  CTH^.  The 
interaction  of  rapid  combustion  with  deformable  confinement  is  a  critical  aspect  of  sustained 
accelerated  combustion;  thus,  simulation  of  real  systems  requires  the  capability  of  resolving 
multidimensional,  multi-material  large  deformation,  strong  shock  wave  physics. 

In  the  sections  to  follow,  the  mixture  formulation  is  outlined  and  the  numerical 
implementation  of  this  model  into  the  CTH  shock  physics  code  is  described.  One  and  two- 
dimensional  calculations  are  presented  which  provide  a  benchmark  for  the  nonequilibrium  mixture 
theory. 

THEORETICAL  FOUNDATIONS 

The  equations  of  motion  for  a  multiphase  mixture  are  outlined  in  this  section  and  recast  to  a 
finite  volume  formulation  for  shock  physics  analyses.  The  full  derivation  of  this  description  is  not 
repeated  here  (see  Reference  1);  hence,  only  the  final  forms  of  the  conservation  laws  are  described. 
Mixture  theory  is  based  on  the  concept  that  separate  phases  simultaneously  occupy  regions  of 
space.  Thus,  a  multiphase  material  possesses  independent  thermodynamic  and  kinematic  fields. 
Multiple  balance  laws  are  used  to  describe  a  locally  averaged  thermal,  mechanical  and  chemical 
response  of  a  collection  of  condensed  phases  or  gas-filled  pores.  In  contrast  to  single  phase 
continuum  mechanics,  a  mixture  average  for  a  multiphase  flow  includes  the  effects  of  internal 
boundaries  (or  phase  interfaces)  across  which  the  interchange  of  mass,  momentum  and  energy 
takes  place.  These  important  micro-scale  models  are  the  new  features  of  the  multiphase 
description  in  the  shock  physics  code,  CTH. 

Modem  developments  of  continuum  mixture  theory  provide  the  framework  for  a 
thermodynamically-consistent  description  of  nonequilibrium  processes  of  fully-compressible 
reactive  mixtures.  A  unique  feature  of  this  approach  is  the  treatment  of  volume  fraction  as  an 
independent  kinematic  variable  allowing  compressibility  of  all  phases  without  any  compromise  on 
compaction  behavior.  Specifically,  the  theory  of  reactive  mixtures  firmly  establishes  balance 
equations  using  the  Second  Law  of  Thermodynamics  in  the  determination  of  admissable 
constitutive  relationships  for  a  system  of  multiphase  equations  that  are  well-posed^. 
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As  a  brief  introduction  to  mixture  theory,  consider  a  region  in  space  that  is  occupied  by  two 
phases  (denoted  by  subscript  a)  -  condensed  (subscript  s)  and  gas  (subscript  g).  At  some 
appropriate  scale,  each  phase  is  viewed  as  occupying  every  spatial  location  in  the  field.  Physically, 
this  is  not  the  case  since  each  phase  occupies  a  volume  distinct  from  the  other.  Thus,  to  represent 
the  discrete  nature  of  the  mixture,  each  phase  is  assigned  independent  thermodynamic  and 
kinematic  states.  At  each  point  a  phase  material  density,  Ya(x,t),  is  defined  which  represents  the 
mass  per  unit  volume  occupied  by  each  phase  and  the  space  displaced  by  that  phase  is  the  volume 
fraction,  (|)a(x,t).  (Volume  fraction  is  a  relative  fraction  of  space  occupied  by  material  regardless 
of  material  type  -  the  fraction  of  space  treated  as  void  is  excluded.)  Of  the  fraction  of  space 
occupied  by  the  mixture,  saturation  implies  that  =  i  and  the  density  of  the  local  mixture  is  the 
sum  of  partial  densities,  p  =  where  -^a^a‘ 

In  generalized  mixture  theory,  each  phase  is  allowed  to  have  independent  velocities, 
(jc,  t) ,  and  the  conservation  equations  for  each  phase  are  expressed  as: 


Mass: 

6  =  -oVi> 

Tfl  r  a  a  a 

(1) 

Momentum: 

ov  =  Vcy+p5„  +  m'*'-vc^ 

“a  a  ~a  ^  a  a  a 

(2) 

Energy: 

(3) 

By  definition,  the  Lagrangian  material  derivative  is  given  as:  =  df/dt  +  •  V/  .  In 

these  conservation  equations,  cj  is  the  mass  exchange  between  phases  due  to  chemical  reaction, 
ha  is  the  external  body  force,  is  the  momentum  exchange  resulting  from  the  forces  acting  on 
phase  boundaries,  is  the  internal  energy  of  each  phase,  is  the  external  energy  source,  and 
e^^includes  the  energy  exchange  due  to  heat  transfer  and  the  irreversible  work  done  at  phase 
boundaries.  The  symmetric  stress  tensor,  g^,  is  expressed  in  terms  of  the  phase  pressure,  p^,  and 
the  shear  stress  thus  -  -  ^aPa~  ~a  where  tr  (x^)  =  0. 

Consistent  with  the  derivations  used  in  mixture  theory,  summation  of  each  balance  equation 
over  all  phases  yields  the  response  of  the  total  mixture  corresponding  to  the  well  known  equations 
of  motion  for  a  single  phase  material.  The  following  constraints  are  imposed  on  the  phase 
interactions:  ^  ^  ^  mixture  equations  (the 

identical  balance  laws  solved  in  CTH)  are  given  (in  Eulerian  form)  as  follows: 


£8-1 

Total  Mass: 

> 

CL 

i 

II 

•CL 

(4) 

Total  Momentum: 

pv  =  V  ■  g  + 

(5) 

Total  Energy: 

pe  -  -t  pr 

(6) 

where  the  overdot  denotes  the  mixture  material  derivative.  By  definition,  the  mixture  velocity  is 
the  bary centric  (mass-averaged)  velocity  defined  as:  v  =  and  the  phase  diffusion 

velocity  (discussed  later  in  this  section)  is  given  as 

In  considering  two  phases,  the  restrictions  from  the  Second  Law  of  Thermodynamics  suggest 
admissable  forms  of  phase  interaction.  For  the  sake  of  brevity,  the  algebraic  manipulation  will  not 
be  repeated  here  (see  Reference  1)  and  the  final  forms  of  these  interactions  are  given  as  follows: 


Mass  Exchange 

(7) 

Momentum  Exchange 

=  -fn/  =  -i-c/t>. 

+  P,^'t’. 

(8) 

t 

/ 

-el  =  +  h(T^-T^)  +c;L, 

2\ 

Energy  Exchange  e  ^  = 

(9) 

where  the  interfacial  velocity  is  defined  as,  v.  =  (v^  +  v^)  /2 ,  the  interfacial  surface  stress  is 
p-  =  the  interfacial  total  energy  is  e.  =  and  the  dissipative  compaction  work  is  defined  as: 
^  ~  momentum  and  energy  exchange  coefficients 

representing  micro-scale  boundary  layer  effects,  6  and  h,  are  modeled  as  functions  of  local  flow 
conditions  and  specific  surface  area.  Finally,  after  including  appropriate  equations  of  state  for  each 
phase,  closure  is  obtained  by  imposing  a  rate  description  for  volume  fraction  consistent  with  the 
Second  Law  of  Thermodynamics.  The  evolutionary  equation  for  solid  volume  fraction  is 

'I’j  -  ^  (Pj  -  Ps  -  P,)  (10) 

where  the  intragranular  stress,  is  defined  and  the  rate  of  volume  fraction  change  is  controlled 
by  the  compaction  viscosity,  It  is  noted  that  this  nonequilibrium  multiphase  description  is 
somewhat  different  than  that  previously  implemented  in  CTFI  as  the  multiple  pressure  and 
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temperature  model.  This  description  implies  a  slightly  different  set  of  mixture  rules  because  the 
volume  fraction  is  treated  as  an  independent  kinematic  variable.  With  this  new  formulation  there 
is  no  requirement  to  renormalize  energies,  and  the  local  pressure  remains  a  volume  fraction- 
weighted  average  of  individual  phase  pressures.  The  rate  of  change  of  volume  fraction  is  related 
directly  to  the  local  state  of  pressure  nonequilibrium  and  includes  the  effects  of  combustion. 

Having  established  the  general  equations  of  motion  for  a  two-phase  description,  the  model 
equations  are  recast  into  a  form  consistent  with  the  shock  physics  modeling  in  CTH.  To  recast  the 
equations  of  motion  into  integral  form,  a  Lagrangian  material  derivative  is  defined  as: 

d/dt  =  d  /dt  -1-  V  ■  V  and  +  I Jv  ■  dA  .  Following  algebraic  manipulation, 

‘‘i  r  sp 

equation  (1),  for  the  gas  phase  mass  conservation,  is  rewritten  as: 


(11) 


Simply  stated,  this  equation  expresses  that  the  time  rate  of  change  of  gas  mass  equals  the  rate  of 
mass  generation  as  the  solid  phase  decomposes  to  a  gas  minus  the  diffusion  of  gas  mass  in  or  out 
of  the  mixture-averaged  volume. 

In  a  similar  transformation,  the  gas  momentum  conservation  equation  is  recast  into  the 
following  integral  form: 


Ifp.MV  =  jp,i>/,  dA  (12) 

ap  p  p  ap 

This  equation  shows  that  the  rate  of  change  of  gas  momentum  is  balanced  by  the  pressure  forces, 

body  forces,  interphase  momentum  exchange  (such  as  drag)  with  the  last  term  corresponding  to  the 

diffusion  of  momentum  in  or  out  of  the  mixture-averaged  volume. 

For  gas  energy  conservation,  it  is  convenient  to  resolve  the  total  gas  energy, 

E  -  e  +  (v  ■  V  )  /2  ,  and  the  integral  balance  equation  for  gas  phase  energy  is  given  as: 

S  S  S  S 

^jp  £  {v^^^p^)dA~  jh  ■  dA  +  j  (S^- dV  (13) 

"^P  3P  9p  P 

In  the  above  balance  laws  for  gas  phase  momentum  and  energy,  the  stress  matrix  has  been 
simplified  to  the  form:  =  •~<\>gPgl  ^  and  the  energy  source  includes  the  body  forces: 


^8  ~  ^8^s  ^  ^8^8  ■  integral  equation  states  that  the  rate  of  change  of  gas  energy 

(including  gas  phase  kinetic  energy)  is  balanced  by  the  work  done  by  the  gas  pressure  forces,  the 
diffusion  of  gas  energy  in  or  out  of  the  mixture-averaged  volume  and  the  volumetric  energy  gain 
(or  loss)  due  to  sources  and  the  interphase  exchange  of  energy  occurring  at  phase  boundaries. 

To  transform  Equation  10  into  appropriate  integral  form,  it  is  convenient  to  resolve  the  solid 
phase  material  density  field  using  the  solid  phase  mass  conservation  equation.  After  some 
algebraic  manipulation,  this  field  equation  is  given  as: 

=  (Pj  -Pg-  P.)  ■  dA 

p  p  3P 

In  general,  additional  rate  equations  of  the  form;  df^dt  -i-  •  V/^  = 

integral  equation  using  the  phase  mass  conservation  equation  (1)  yielding: 

ilpJadV  =  J  (p/l  )dV-j  pJX  ■  dA  (15) 

P  P  ap 

All  of  the  details  to  the  combustion  description,  momentum  and  energy  phase  interaction  and 
additional  heat  transfer  relationships  are  given  in  References  1  and  2.  For  a  two-phase  mixture,  the 
velocity  components  for  only  one  phase  and  the  mixture  average  need  to  be  resolved.  Thus,  if  the 
gas  phase  and  mixture  averaged  velocities  are  known,  then  the  solid  phase  velocity  is  given  as 
^^5  =  (pv-PgV^)/(p-p^)  and  the  solid  phase  diffusion  velocity  is  determined  by 

NUMERICAL  IMPLEMENTATION 

The  shock  physics  code,  CTH,  is  a  multi-material,  multi-dimensional  Eulerian  finite  volume 
code  which  serves  as  the  platform  for  implementing  the  reactive  multiphase  mixture  model. 
Details  of  the  base  code  and  its  material  models  are  not  given  here  and  the  interested  reader  is 
referred  to  References  5  and  6  for  such  information. 

The  current  version  of  CTH  uses  an  Eulerian  mesh  which  is  fixed  in  space.  Mixture-averaged 
conservation  equations,  in  finite  volume  form,  are  solved  in  a  Lagrangian  step,  and  distorted  cells 
are  remapped  back  to  a  fixed  mesh.  In  addition  to  overall  conservation  equations,  internal  state 
variables  are  solved  using  various  material  models^. 


(14) 

transform  to  an 
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In  this  mixture  theory,  it  is  important  to  note  that  the  overall  mixture  quantities  are  never 
modified;  thus,  conservation  of  mass,  momentum  and  energy  for  the  total  system  are  preserved. 
Mixture  rules  dictate  how  these  quantities  are  proportioned  for  the  various  phases.  Additionally, 
the  local  flow  velocity  is  recognized  as  being  a  mass-averaged  quantity. 

The  phase  conservation  equations,  given  by  Equations  11-15,  have  a  common  mathematical 
structure.  All  of  these  equations  have  source  and  phase  diffusion  terms.  The  phase  diffusion  terms 
represent  advection  in  or  out  of  the  cells  following  phase  diffusion  velocity  fields.  Incorporating 
these  effects  is  performed  using  operator  splitting  whereby  all  phase  quantities  are  diffused  in  or 
out  of  cells,  then  the  phase  quantities  are  allowed  to  interact  during  the  Lagrangian  step.  The 
methodology  of  this  approach  is  based  on  earlier  work  described  in  Reference  8. 

During  the  transport  step,  a  Flux-Corrected  Transport  (FCT)^  method  is  used  to  incorporate 
phase  diffusion  effects  and  internal  boundary  conditions  are  implemented  with  a  variant  of  virtual 
cell  embedding  (VCE)^^.  This  positivity-preserving  high  order  algorithm  does  not  introduce 
artificial  smearing  at  material  interfaces.  It  is  to  noted  that  for  shocked  flows,  phase  diffusion 
quantities  are  weak  and  significant  only  in  boundary  layer  regions. 

Typical  of  multiphase  simulation,  the  interactions  of  phases  occur  with  greatly  disparate 
time-scales,  and  thus  sources  are  mathematically  stiff.  Since  explicit  time  differencing  (even  with 
subcycling)  is  inaccurate,  an  algorithm  based  on  asymptotic  semi-analytical  solutions  is  used  for 
the  phase  interactions^  ^  As  expected,  the  internal  state  variables  related  to  the  local  volume 
fractions  must  be  accurately  resolved  to  preserve  consistency  of  the  numerical  solutions. 
Following  the  Lagrangian  step,  the  volume  fractions  for  the  single  mixed  phase  material  are 
mapped  into  a  single  field  which  are  then  passed  into  the  remap  step.  These  quantities  are 
subsequently  reassembled  for  equation  of  state  evaluation  for  the  next  time  step.  Sound  speed 
constraints  are  brought  into  place  for  evaluation  of  Courant  conditions. 

In  the  next  section,  a  benchmark  numerical  solution  is  discussed  in  which  shock-induced 
reaction  occurs  in  a  porous  propellant  bed.  Although  phase  diffusion  effects  are  minor  in  this 
application,  strong  phase  interactions  occur.  As  such,  this  example  provides  a  good  test  problem 
for  the  proposed  numerical  strategy. 


68  -  8 


LOW  VELOCITY  IMPACT  SIMULATIONS 

One-dimensional  studies  -  A  one-dimensional  benchmark  simulation  of  a  piston-driven,  low 
velocity  impact  on  a  porous  bed  of  energetic  material  has  been  conducted  which  replicates 
conditions  in  an  experiment  studied  by  Sandusky,  et  al^^.  A  pictorial  of  this  experiment  is  shown 
in  Figure  1.  A  gas-driven  piston  impacts  on  a  bed  of  NC/NG-based  propellant  confined  in  a 
cylindrical  tube  geometry. 

In  these  tests,  a  compaction  wave  is  produced  after  initial  impact  and  high  strain  rate  at  the 
compaction  front  triggers  low-level  reactivity.  This  unstable  process  leads  to  rapid  combustion  and 
the  formation  of  a  fast  deflagration  wave  and  shock  formation.  The  interactions  of  compaction  and 
multi-stage  combustion  are  clearly  complex  wave  processes. 

In  the  experimental  studies  by  Sandusky  and  colleagues,  numerous  diagnostics  were  used  to 
resolve  various  wave  features^ Most  importantly,  the  compaction  wave  front  was  probed  using 
microwave  interferometry  and  pressure  gauges  were  used  to  determine  various  wave  fields.  Figure 
2  displays  the  trajectory  of  the  compaction  wave,  following  a  190  m/s  piston  impact,  measured 
using  microwave  interferometry.  It  is  to  be  noted  that  an  abrupt  change  in  wave  speed  was 
observed  well  removed  from  the  piston/propellant  interface.  Figure  3  displays  several  pressure 
gauge  records  at  given  location  along  the  tube  confinement  wall.  A  weak  compaction  front  is 
observed  followed  by  the  onset  of  rapid  pressurization. 

One-dimensional  simulations  of  this  experiment  using  the  multiphase  mixture  model  in  CTH 
are  displayed  in  the  subsequent  figures  which  replicate  all  of  the  features  observed  in  the 
experimental  test.  Figure  4  displays  an  overlay  of  the  volume  fraction  of  the  solid  phase  reactant. 
Numerical  simulation  shows  a  dispersive  compaction  wave  originating  from  the  piston/bed 
interface  that  moves  at  a  velocity  consistent  with  the  experimental  observation. 

As  a  result  of  high  strain  rate  at  the  dispersive  compaction  front,  low  level  of  reactivity 
occurs  whereby  pyrolysis  (or  partially  decomposed)  combustion  products  are  formed  in  the 
induction  zone.  After  approximately  100  ps  delay,  energy  release  in  the  gas  phase  takes  place  as 
the  pyrolysis  products  are  converted  to  final  stage  combustion  gases.  A  secondary  compaction 
wave  is  formed  and  is  supported  by  this  reaction.  When  heat  transfer  conditions  are  sufficient  to 
trigger  grain  burning,  very  rapid  pressurization  occurs.  Eventually,  the  combustion  wave  coalesces 
with  the  primary  compaction  wave  and  an  apparent  abrupt  change  in  wave  speed  occurs.  Details 
of  the  pressurization  field  are  provided  in  Figure  5. 
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As  a  demonstration  of  the  importance  of  treating  pressure  nonequilibrium,  Figure  6  displays 
only  the  gas  phase  component  of  the  principle  stress.  In  the  early  stages  of  reaction,  greatly 
disparate  pressure  fields  evolve.  Much  of  the  initial  stress  of  the  primary  compaction  wave  is 
supported  by  the  motion  of  the  solid  reactant  material;  later,  it  is  the  gas  phase  pressure  which  leads 
to  a  secondary  combustion-driven  reactive  compaction  wave. 

In  Figures  7  and  8,  the  temperature  fields  are  shown  for  the  gas  and  solid  phases, 
respectively.  As  expected,  greatly  different  temperatures  arise  because  much  of  the  energy  release 
takes  place  in  the  gas  phase.  The  effects  of  multi-stage  combustion  are  clearly  evident.  In  figure 
8,  it  is  seen  that  the  solid  phase  undergoes  weak  compressional  heating  following  initial  impact  and 
later  gas  phase  pressurization  enhances  heat  transfer  from  the  combustion  gases  to  the  solid  phase. 
Additional  compressional  heating  takes  place  as  the  supported  secondary  compaction  wave 
strengthens  to  a  shock  wave. 

Two-dimensional  simulations  -  In  similar  experimental  studies  conducted  at  LANL  by 
McAfee,  et  al.^"^,  thin  wall  tubes  were  used  in  DDT  tests  with  HMX  and  the  release  of  confinement 
near  the  burning  region  suggested  the  formation  of  multiple  “shocks”  prior  to  the  onset  of  rapid 
burning.  These  observations  are  based  on  sequential  X-ray  radiographs.  Only  gross  features  of 
the  wave  fields  were  measured  in  these  experiments,  hence  interpreted  wave  behavior  is 
speculative. 

A  two-dimensional  simulation  of  a  weakly  confined  column  of  propellant  is  presented  as  a 
preliminary  numerical  simulation  of  piston  impact  on  an  energetic  granular  material  held  in  weak 
confinement.  A  thin-walled  steel  tube,  confining  a  NC/NG  propellant,  is  modeled  with  impact 
conditions  similar  to  the  one-dimensional  simulations  discussed  earlier.  Figure  9  displays  split 
image  cross-sectional  views  of  the  confined  granular  energetic  material  at  50  )is  time  intervals 
following  the  low  velocity  impact.  In  these  CTH  output  plots,  gas  pressure  contours  are  rendered 
on  the  left  half  of  the  plots  and  a  dot  density  representation  of  the  solid  phase  volume  fraction  is 
shown  on  the  right  half  image  plane. 

At  these  early  times  following  impact,  it  is  seen  that  a  curved  compaction  wave  evolves  as 
the  lateral  release  from  the  wall  takes  place.  The  compaction  wave  is  weakly  supported  and  the 
weakened  pressure  field  lessens  the  extent  of  reaction.  At  a  later  time,  reaction  is  seen  to  first  arise 
near  the  center  of  the  column  and  a  radial  wave  appears  which  leads  to  the  secondary  compaction 
wave.  As  this  wave  interacts  with  the  confinement,  a  secondary  release  takes  place  and  sustained 
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Figure  1 .  Piston  driven  compaction 
experiment  in  granular 
propellent  porous  bed. 


Figure  2.  Experimental  trajectories  of 
wave  fronts  following  a  190 
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propellant  bed. 
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at  two  locations  along  the 
confined  porous  propellant 
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reaction  greatly  depends  on  the  pressurization  from  low  level  combustion  competing  with  the 
dissipation  by  rarefaction  of  confinement  release.  As  expected,  the  interaction  with  the  combustion 
reactions  and  compaction  fields  in  multidimensional  simulation  is  strongly  influenced  by  the 
effects  of  confinement.  Simulation  of  the  LANL  experiments  may  lead  to  a  better  understanding 
of  this  multidimensional  behavior. 

Future  work  is  planned  to  simulate  these  low  velocity  experiments  for  a  granular  bed  of 
HMX  explosive.  Additionally,  statistical  crack  fracture  models  are  being  incorporated  into  CTH 
and  the  reactive  multiphase  mixture  model  will  be  coupled  to  address  simulation  of  delayed 
detonation.  Mixture  theory  is  also  being  formulated  to  treat  more  than  two  phases  and  this  is  be 
incorporated  as  an  extension  for  multiphase  predictive  capabilities. 
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Figure  9.  Two-dimensional  CTH  simulations  of  low  velocity  impact  (200  m/s)on  a 
weakly  confined  porous  column  of  ball  propellant. 
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SUMMARY 

A  nonequilibrium  multiphase  mixture  model  is  described  in  this  paper  which  has  been 
implemented  into  shock  physics  analysis.  The  effects  of  strong  phase  interaction  including 
combustion,  momentum  and  energy  exchange  are  treated  by  allowing  mixed  phases  to  have 
relative  velocities  and  independent  thermal  and  stress  fields.  An  operator  splitting  method  is 
described  for  the  numerical  implementation  of  this  model. 

Preliminary  benchmarks  of  this  mixture  approach  have  addressed  low-velocity  impact 
experiments  in  one  and  two-dimensional  simulations.  All  of  the  observed  reactive  wave  behavior 
are  replicated  in  the  modeling.  Multidimensional  simulation  ctm  serve  as  an  important  numerical 
diagnostic  for  probing  the  nature  of  the  complex  wave  fields  in  reactive  granular  materials.  Future 
work  is  aimed  toward  using  this  tool  with  experimental  studies  of  energetic  material  response  to 
enhance  predictive  capabilities  for  weapon  safety  and  surety  assessment. 
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ABSTRACT 


Ammonium  nitrate  (AN)  is  the  base  component  for  a  family  of  gas  generator  and 
rocket  composite  propellants.  The  chlorine  free  and  low  pollutants  combustion 
products  are  their  main  advantages.  It  is  known  that  its  limitations  are  due  not  only  to 
the  phase  transitions  IV  to  III  of  AN  crystal  lattices,  occurring  near  305  K  (32  °C) 
with  large  volume  changes,  but  are  also  due  to  its  low  burning  rate  and  high 
hygroscopicity.  The  phase  transition  problem  is  detrimental  to  the  mechanical 
properties  of  propellants  when  they  are  subjected  to  thermal  cycling  around  305  K. 
The  phase  transition  problem  is  generally  solved  through  the  incorporation  of  metal 
oxides  of  transition  metals  such  as  Ni,  Cu  and  Zn,  into  the  AN  crystal  lattice.  Curing 
agents,  plasticizers,  cross  linkers,  stabilizers  and  antioxidants  are  also  important  in 
propellant  formulations  to  achieve  acceptable  energetic  and  mechanical  properties, 
processability  and  ageing  behaviour.  Hydroxyl  terminated  polybutadiene  (HTPB) 
prepolymer  and  isophorone  diisocyanate  (IPDI)  as  curing  agent  are  generally  used  as 
the  base  binder  system.  The  objective  of  the  present  work  is  to  select  and  evaluate  the 
influence  of  burning  rate  modifiers  on  a  standard,  simple  AN/HTPB-IPDI  propellant 
formulation.  Calorimetric  bomb  measurements  show  the  correlation  between 
theoretical  and  experimental  enthalpy  of  reaction  values,  evaluating  the  non  ideal 
behaviour  of  tested  propellants.  The  detrimental  effects  of  the  high  hygroscopicity  of 
AN  particles  on  propellant  production  was  avoided  by  imposing  low  humidity  ambient 
conditions  for  manufacture  and  storage.  Phase  stabilised  ammonium  nitrate  (PS AN) 
was  used  that  includes  NiO  (1  wt.%)  as  phase  stabilising  agent.  PS  AN/HTPB-IPDI 
compositions  are  tested  with  Iron  (III)  oxide  and  Chromium  (III)  oxide  as  burning  rate 
modifiers.  PSAN  solid  loading  has  been  chosen  in  such  a  way  that  the  effect  of  solid 
loading  change  in  the  propellant  formulation  does  not  mask  the  effect  of  the  burning 
rate  modifiers.  Thermodynamic  calculations  indicate  the  range  72  -  75  %  of  AN  solid 
loading  to  be  adequate.  The  burning  rate  behaviour  of  the  manufactured  propellants 
was  evaluated  with  a  strand  burner  in  the  pressure  range  2-10  MPa.  The  obtained 
results  prove  the  applicability  of  this  kind  of  propellants  to  gas  generators. 
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Nomenclature 

a  pre-exponential  factor  of  Vieille's  law 

d  particle  diameter,  tim 

m  mass,  mg 

n  pressure  exponent  of  Vieille's  law 

«/  moles  of  atomic  species  /',  mol 

p  pressure  in  Vieille's  law,  MPa 

Qhhvv  gross  heat  of  combustion  at  constant  volume,  MJ/kg 

r  burning  rate,  mm/s 

R  universal  gas  constant,  kJ/(mol.K) 

T  temperature,  K 

TMD  theoretical  maximum  density,  kg/m^ 

Xi  mass  fraction  of  component  /,  adimensional 

Greek  Symbols 

P/  density  of  component  i,  kg/m^ 


1.  Introduction 


Research  on  AN/HTPB-IPDI  propellants  has  gained  interest  for  certain  pyrogenic 
igniters  and  gas  generators  applications  due  to  their  advantages  of  chlorine  free  and 
low  corrosive  combustion  products  [1,2].  The  phase  transition  IV  to  III  in  the  AN 
crystal  lattices  occurring  at  305  K  (32  °C)  with  a  large  volume  change,  the  high 
hygroscopicity  of  AN  and  low  burning  rate  are  among  the  disadvantages  [1,3].  One 
solution  for  the  phase  transition  problem  is  the  incorporation  of  metal  oxides  of 
transition  metals,  such  as  Ni,  Cu  and  Zn,  into  the  AN  crystal  lattice  [3].  Low  flame 
temperature  is  another  characteristic  of  these  compositions.  It  can  be  an  advantages  or 
a  disadvantage  according  to  the  application  [1,2].  The  hygroscopicity  problem  of  AN 
is  not  solved  yet  but  has  been  countered  imposing  the  requirements  of  low  humidity 
ambient  conditions  for  AN/HTPB-IPDI  propellants  manufacture  and  storage  [4].  The 
problem  of  low  burning  rate  has  not  been  solved,  but  progress  has  been  made  [2,5,6]. 
The  development  of  new  formulations  and  manufacturing  processes  for  this  kind  of 
propellants  might  be  interesting  because  they  have  a  potential  for  low  pollutant  and 
low  cost  manufacturing  [7]. 
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The  objective  of  this  work  is  to  evaluate,  in  a  systematic  way,  the  effect  of  identified 
burning  rate  modifiers  for  propellant  formulations  based  in  AN  and  HTPB-IPDI  as 
main  ingredients  that  might  present  high  potential  for  practical  applications  in  the  near 
future.  Phase  stabilised  ammonium  nitrate  (PS AN)  was  used  that  includes  NiO  (1 
wt.%)  as  phase  stabilising  agent.  Thermodynamic  calculations  indicate  that  AN/HTPB- 
IPDI  propellant  formulations  with  AN  solid  loading  in  the  range  72  -  75  %.  have  small 
gradients  in  adiabatic  flame  temperature  and  specific  impulse.  This  small  gradients 
allow  a  clear  evaluation  of  the  effect  of  burning  rate  modifiers  on  PS  AN/HTPB-IPDI 
formulations  allowing  to  neglect  the  influence  of  changes  in  AN  solid  loading  from 
batch  to  batch  and  from  composition  to  composition  with  increasing  burning  rate 
modifier.  The  influence  of  one  type  of  Iron  (III)  oxide  and  one  type  of  Chromium  (III) 
oxide  burning  rate  modifiers  on  selected  PS  AN/HTPB-IPDI  composite  solid  propellant 
formulations  have  been  investigated.  All  this  selected  composite  propellant 
formulations  include  25  wt.%  HTPB-IPDI  binder  system.  A  preliminary  investigation 
was  conducted  using  TG/DTA  thermal  analysis  at  low  heating  rates  (10  °C/min)  and 
atmospheric  pressure  under  N2  atmospheres  on  the  effect  of  this  Iron(III)  oxide 
burning  rate  modifier  on  the  thermal  decomposition  of  PSAN,  of  HTPB-IPDI  and  of 
the  selected  PSAN/HTPB-IPDI  composite  solid  propellant  formulations.  This  thermal 
analysis  investigation  indicates  that  Iron(III)  oxide  has  a  small  effect  on  the  kinetics  of 
thermal  decomposition  of  cured  HTPB-IPDI  binder  and  no  effect  on  the  thermal 
decomposition  of  PSAN  [5],  This  thermal  analysis  investigation  was  then  also 
extended  to  the  effect  of  this  Chromium(III)  oxide  burning  rate  modifier  on  the  thermal 
decomposition  of  PSAN,  of  HTPB-IPDI  and  of  the  selected  PSAN/HTPB-IPDI 
composite  solid  propellant  formulations  and  it  indicates  that  Chromium(III)  oxide  has  a 
noticeable  effect  on  the  kinetics  of  thermal  decomposition  of  PSAN  and  no  effect  on 
the  thermal  decomposition  of  cured  HTPB-IPDI  binder  [5],  Eight  compositions  have 
been  selected.  The  propellant  ingredients  have  been  characterized,  then  the  density  of 
each  propellant  has  been  measured.  The  burning  rate  and  the  combustion  wave 
structure  were  measured  in  a  strand  burner,  in  the  pressure  range  2-10  MPa,  at  288  K. 
We  expect  that  the  methodology  used  in  this  work  will  allow  us  to  predict  with  more 
confidence  the  effect  of  selected  burning  rate  modifiers  for  PSAN/HTPB-IPDI 
formulations  in  other  formulations  with  larger  AN  solid  loading. 


2.  Thermodynamic  Calculations 


Thermodynamic  calculations  were  performed  to  predict  characteristics  of  selected 
AN/HTPB-IPDI  propellant  formulations  with  AN  solid  loading  in  the  range  70-100 
wt.%.:  flame  temperature,  molecular  weight  of  combustion  products,  isentropic 
compression  coefficient  (F),  specific  impulse  and  combustion  products  composition. 
The  thermodynamic  equilibrium  calculations  were  performed  using  the  NASA-Lewis 
CET89  code  [8,9],  The  AN  considered  was  not  phase  stabilised.  The  HTPB-IPDI 
weight  ratio  in  the  binder  is  92.32-7.68  wt.%  and  is  typical  of  that  used  in  practical 
composite  solid  propellant  formulations.  This  binder  system  has  excellent  mechanical 
properties  even  in  the  low  temperature  end  of  the  temperature  range  of  most  practical 
applications  (-  60  °C  to  +  60  ®C)  [1,2,4].  The  calculations  were  performed  for  isobaric 
adiabatic  combustion  at  7.0  MPa,  considering  an  adiabatic  expansion  through  a  nozzle 
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in  one-dimensional  flow  at  chemical  equilibrium  and  with  an  expansion  ratio  70;  1. 
Thermochemical  data  of  propellant  ingredients  was  obtained  from  reference  [10],  The 
results  for  adiabatic  flame  temperature  and  specific  impulse  after  expansion  through 
the  nozzle  are  presented  in  Fig.  1.  Detailed  results,  presented  in  Figs,  and  Tables,  can 
be  found  in  Ref  [11].  Fig.  1  shows  the  small  influence  of  AN  solid  loading  on  flame 
temperature  and  specific  impulse  in  the  range  72-75  wt.%,  due  to  the  relatively  high 
level  of  equivalence  ratio  to  stoichiometry.  The  range  of  AN  solid  loading  has  been 
chosen  in  order  to  show  negligible  burning  rate  combustion  variations  for  small 
variations  in  AN  solid  loading  (0-2  wt.%).  Consequently,  more  important  variations 
are  only  due  to  the  influence  of  burning  rate  modifiers.  This  allows  an  indication  that 
this  AN  solid  loading  range  is  good  for  propellant  formulations  allowing  the  study  of 
the  influence  of  burning  rate  modifiers  on  AN/HTPB-IPDI  formulations. 


Table  1.  Thermochemical  data  and  density  of  propellant  ingredients 


Reactant 

Chemical  Composition 

^°f298.15 

/(kcal.mol'^) 

Density 
/  (kg/m3) 

References 

PSAN 

H4N2O3 

-87.27 

1725 

HTPB 

C10H15.6i6N0.203O0.196 

-10.90 

901 

10 

IPDI 

C12H18N2O2 

-111.40 

1061 

Flexzone  6H 

C18H21N2 

-5.37 

1290 

13 

FejOj 

Fe203 

-197.30 

5100 

14,  15 

Cr'^O'^ 

Cr203 

-272.20 

5210 

14,  16 

2.1.  Adiabatic  Flame  Temperature 


The  adiabatic  flame  temperature  of  the  propellants  in  this  AN  solid  loading  range 
increases  slightly  from  1215  K  to  1245  K  in  the  range  72-75  wt.%  AN,  as  shown  in 
Fig.  1. 


2.2.  Speciflc  Impulse 


The  specific  impulse  of  the  propellants  in  this  AN  solid  loading  range  increases  slightly 
from  1888  m/s  to  1909  m/s  in  the  range  72-75  wt.%  AN,  as  shown  in  Fig.  1. 
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2.3.  Theoretical  Combustion  Products  Composition 


Theoretical  calculations  of  combustion  products  predict,  in  this  range,  no  formation  of 
carbon  (graphite)  in  the  combustion  chamber  but  having  formation  of  carbon  (graphite) 
in  the  nozzle  exit.  The  amount  of  graphite  formed  in  the  nozzle  exit  decreases  from 
0.10437  to  0.06077  when  AN  solid  loading  increases  in  the  range  72-75  wt.%.  CO  is 
the  most  important  pollutant  [17]  calculated  in  the  nozzle  exit  in  this  AN  solid  loading 
range  and  it  increases  from  0.04493  to  0.050420  when  AN  solid  loading  increases  in 
the  range  72-75  wt.%. 


3.  Experimental 


3.1.  Propellants  composition  and  preparation 


Table  2.  Composition  of  propellant  formulations,  in  wt.% 


PC05 

PC09 

PCll 

PC12 

PC13 

PC14 

PC15 

Fe203 

0 

0.375 

0.750 

1.875 

0 

0 

0 

Cr203 

0 

0 

0 

0 

0.375 

0.750 

1.875 

PSAN 

75.000 

74.625 

74.250 

73.125 

74.625 

74.250 

73.125 

HTPB 

22.850 

22.850 

22.850 

22.850 

22.850 

22.850 

22.850 

IPDI 

1.900 

1.900 

1.900 

1.900 

1.900 

1.900 

1.900 

Flexzone  6H 

0,250 

0.250 

0.250 

0.250 

0.250 

0.250 

0.250 

Propellant  compositions  studied  are  listed  in  Table  2, 

The  used  PSAN  contained  1.0  wt.%  NiO  as  phase  stabilising  agent,  0.5  wt.%  Petro  as 
anticaking  agent  and  was  obtained  from  ICT,  Germany.  Significative  values  of 
measured  particle  size  diameter  distribution  were:  d/jo  ~  50  pm;  d^Q  =140  pm;  ~ 
275  pm,  measured  using  a  MALVERN  Particle  Sizer  2600  with  a  powder-in-air 
method  at  15%  RH  and  20  ®C  ambient  temperature. 

HTPB  Poly  Bd  R45HT  was  obtained  from  Atochem.  According  to  the  general 
information  of  Atochem  its  molecular  weight  is  2800  g/Eq,  %  trans-1,4  =  60,  %  cis- 
1,4  =  20,  and  %  vinyl-1,2  =  20,  hydroxyl  value  is  0.83  meq/g,  hydroxyl  number  is  46.6 
mg  KOH/g  [18].  Hydroxyl  number  was  measured  and  found  to  be  46.5  mg  KOH/g. 
IPDI  was  obtained  from  Fluka  Ref.  59192.  A  ratio  NCO:OH  =  0.90  was  used  in  all 
compositions  including  IPDI.  This  NCO:OH  ratio  allows  to  obtain  a  tensile  strength  of 
about  90  %  of  the  maximum  obtainable  and  an  elongation  at  break  of  about  20  %  for 
our  binder  system  HTPB-IPDI  taking  into  account  the  molecular  weight,  hydroxyl 
number  and  average  functionality  of  this  HTPB  prepolymer  and  the  values  of  this 
parameters  in  HTPB  prepolymers  studied  in  reference  [19].  Flexzone  6H  was  the 


antioxidant  used  for  the  binder.  Burning  rate  modifiers  used  were  Fe203  BayFerrox 
180  (purity:  96-97  %),  0.7  p.m,  obtained  from  Bayer  Chemie  A.G.  [15],  and 

Cr203  (purity  >  98%)  1  pm,  was  obtained  from  Aldrich,  Cat.  No.  20,216-9  [16], 

Propellant  samples  were  mixed  in  a  horizontal  Z  blade  mixer  (Werner  &  Pfleiderer), 
under  vacuum  (absolute  pressure  less  than  80  mbar)  at  temperatures  in  the  range  313- 
323  K  (40-50  °C).  Casting  was  performed  in  a  conditioned  room  at  a  temperature  18- 
23  °C  and  a  relative  humidity  less  than  20  %,  at  atmospheric  pressure.  All  propellants 
were  cast  in  high  density  polyethylene  (HOPE)  containers  of  93.6  mm  width  and  151.5 
mm  length.  The  thickness  of  the  propellant  casted  samples  was  12-13  mm.  After 
casting,  they  stayed  in  the  conditioned  room  with  a  temperature  1 8-23  °C  and  relative 
humidity  less  than  20  %,  at  atmospheric  pressure,  for  36  hours  to  allow  the  expulsion 
of  small  bubbles  formed  during  casting  of  the  propellants.  The  propellants  were  cured 
at  atmospheric  pressure  at  323  K  (50  °C)  for  10  days. 


3,2.  Density  of  propellants 


The  density  and  the  mass  fraction  of  each  propellant  ingredient  are  presented 
respectively  in  Table  1  and  Table  2.  The  actual  density  of  the  casted  propellants  is 
presented  in  Table  3.  The  Theoretical  Maximum  Density  (7MD)  of  propellants  was 
calculated  using  equation  (1).  Calculated  TMD  and  actual  density  over  TMD,  in 
percentage,  (%  TMD)  is  also  presented  in  Table  3.  For  some  compositions  actual 
density  over  TMD  is  larger  than  100.0  %.  This  result  can  be  justified  not  only  by  the 
existence  of  an  experimental  error  but  also  to  the  fact  that  the  actual  density  of  the 
cured  HTPB-IPDI  polymer  is  probably  larger  than  the  value  obtained  by  simply 
applying  equation  (1)  to  this  two  propellant  ingredients  (due  to  the  curing  reaction  of 
HTPB  with  IPDI).  In  the  absence  of  data  on  mechanical  properties  of  the  tested 
propellants  the  proximity  between  the  values  of  the  measured  and  calculated  densities 
allow  us  to  have  confidence  in  the  quality  of  the  manufactured  propellants. 


TMD  = 


(  « 

I 


V/=i 


Pi) 


(1) 


Table  3.  Density  of  propellants 


Property 

PC05 

PC09 

PCll 

PC12 

PC13 

PCM 

PCM 

density  ^  /(kg/m^) 

1414 

1413 

1423 

1426 

1420 

1429 

1433 

TMD  b  /(kg/m^) 

1412 

1415 

1418 

1426 

1415 

1418 

1427 

%  TMD 

99.86 

100.0 

a  ±  5  kg/m^ 
^  calculated 
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3.3.  Heat  of  combustion  measurements 


The  experimental  measurements  of  heat  of  combustion  of  propellant  compositions 
were  made  in  a  PARR  1271  oxygen  bomb  calorimeter.  The  samples  were  burned  in 
excess  oxigen  at  3.06  MPa  (450  psia)  and  at  initial  temperature  29.4  C  (85  F)  in  a 
procedure  close  to  standard  ASTM  D2015  [21],  with  the  adaptations  necessary  to 
make  measurements  with  these  composite  solid  propellant  samples.  Five  test  were 
made  for  each  propellant  composition.  The  results  of  gross  heat  of  combustion  at 
constant  volume,  Qhhvv,  obtained  in  the  measurements  are  shown  in  Table  4,  in  the 
form  of  average  and  standard  deviation. 


Table  4.  Heat  of  combustion  of  propellant  compositions 


Propellant 

PC05 

PC09 

pen 

PC12 

PC13 

PC14 

PC15 

/wt  *^ 

0 

0.375 

0.750 

1.875 

0 

0 

0 

CroO'i  /wt.% 

0 

0 

0 

0 

0.375 

0.750 

1.875 

0HHVv  /(MJ/kg) 

12.696 

12.992 

13.025 

12.399 

12.746 

12.425 

12.459 

<7  0HHVv  /(MJ/kg) 

0.245 

0.045 

0.085 

0.058 

0.192 

0.070 

0.241 

<7  Ohhvv  /  % 

1.93 

0.35 

0.65 

0.47 

1.51 

0.56 

1.93 

3.4.  Burning  rate  measurements 


3.4.1.  Samples 


Propellants  strands  of  10  x  10  x  89  mm  (width  x  length  x  height)  were  cut,  with  a 
sharp  steel  blade,  from  the  propellant  casted  samples.  Reliable  ignition  was  sucessfully 
obtained  by  joining  to  the  propellant  strand  a  cubic  ignition  pellet  (10  mm  side  length) 
of  AP/Al/HTPB  composition,  allowing  a  smooth  ignition  of  the  propellant  strand. 
Each  propellant  strand  was  put  together  with  a  cubic  ignition  pellet  and  held  in  close 
contact  by  an  elastic  rubber  band.  The  set  was  then  coated  with  a  couple  of  epoxy 
resin  layers,  used  as  inhibitor  during  combustion  of  the  propellant  strand.  Holes  were 
then  drilled  at  two  planes  in  the  propellant  strand  separated  by  65.0  mm.  Lead  fuse 
wires  were  passed  through  these  holes.  The  cubic  ignition  pellet  was  drilled  at  its 
middle  plane  to  pass  the  nichrome  ignition  wire. 


3.4.2.  Experimental  apparatus 


A  schematic  of  the  experimental  apparatus  used  for  burning  rate  measurements  is 
shown  in  Fig.  2.  Burning  rate  measurements  were  carried  out  in  an  original  vented 
strand  burner  with  cylindrical  chamber  80  mm  in  diameter,  225  mm  in  length  and  1.1 
dm^  in  volume,  designed  and  build  at  University  of  Coimbra  (UC)  and  shown  in  Fig.  2. 

Venting  of  the  strand  burner  provides  a  constant  pressure  level  during  combustion. 
The  venting  gas  inlet  is  at  the  bottom  of  the  strand  burner.  The  venting  nozzle  is  of 
fixed  geometry  during  each  test  and  its  geometry  is  selected  using  a  program 
developed  at  UC  [20].  A  variety  of  venting  nozzles  is  available  that  can  be  selected  for 
optimum  conditions  in  strand  burner  combustion  experiments  at  various  chamber 
pressures  up  to  10  MPa  and  larger.  The  geometry  is  selected  in  order  to  have  the 
smallest  cross  section  area  of  the  venting  nozzle,  to  reduce  the  venting  nitrogen 
consumption,  and  still  hold  a  pressure  variation  during  the  test  less  than  0.25  %.  This 
pressure  variation  was  verified  in  actual  tests. 

The  ignition  of  the  samples  is  performed  by  an  electrically  heated  nichrome  wire  0.75 
mm  in  diameter.  The  ignition  composition  is  a  AP/Al/HTPB-IPDI-Flexzone  6H 
(64/16/18.26-1.54-0.20  wt.%)  composition  with  AP  average  particle  size  diameter  254 
pm  and  A1  particle  size  diameter  less  than  150  pm,  average  particle  size  94  pm  (Eckart 
Werke  Grade  EW  150/0). 

To  measure  the  burning  rate  two  Lead  fuse  wires  0.25  mm  in  diameter  were  used.  The 
burning  rate  measuring  length  is  65.0  mm.  The  fuse  wires  were  connected  to  a 
Wheatstone  bridge  circuit,  shown  in  Fig.  2,  to  give  a  voltage  output  step,  as  shown  in 
Fig.  3,  when  each  of  the  fuse  wires  was  cut  by  melting  by  the  propellant  flame  front. 
Defining  the  burning  time  as  the  time  interval  between  the  melting  of  the  first  fuse  wire 
and  the  melting  of  the  second  fuse  wire,  the  burning  rate  was  calculated  by  dividing  the 
distance  between  the  two  fuse  wires  by  the  burning  time. 

A  SETRA  205  capacitive  pressure  transducer,  of  pressure  range  0-3000  psia  (0-20.68 
MPa),  was  used  to  measure  the  pressure  inside  the  strand  burner  during  each  test.  The 
pressure  transducer  is  mounted  at  the  bottom  of  the  strand  burner  and  is  electrically 
insulated  from  the  strand  burner  body  by  a  nylon  6  connection.  The  measuring  volume 
and  connections  to  the  strand  burner  body  are  filled  with  synthetic  lubricating  engine 
automobile  oil.  The  pressure  level  considered  for  each  test  was  the  measured  average 
pressure  level  during  the  burning  time. 

A  thermocouple  type  K  (THERMOCOAX)  of  1 .0  mm  diameter  is  used  to  measure  the 
temperature  of  the  venting  gas  previous  to  and  during  each  test.  The  signals  were 
acquired  by  a  DATA  TRANSLATION  DT2812-A  data  acquisition  board  connected  to 
a  IBM  PC  compatible  computer.  All  the  experimental  data  analysis  was  performed  in 
the  same  computer. 
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Table  5.  Vieille^s  law  burning  rate  parameters  {r  -  a  p") 


Propellant 

PC05 

PC09 

pen 

PC12 

PC13 

PC14 

PC15 

Fe20'^  /wt.% 

0 

0.375 

0.750 

1.875 

0 

0 

0 

Cr-^O^  /wt.% 

0 

0 

0 

0 

0.375 

0.750 

1.875 

p  range  /MPa 

1, 5-9.9 

1. 1-9.9 

2.0-10 

2.0-10 

1.2-10 

1.3-10 

1.3-10 

a 

0.476 

0.546 

0.564 

0.569 

0.558 

0.596 

0.612 

n 

0.577 

0.463 

0.453 

0.433 

0.475 

0.458 

0.488 

correlation 

0.985 

0.994 

0.988 

0.995 

0.995 

0.997 

0.997 

4.  Discussion  of  Results 


These  measurements  of  heat  of  combustion  show  the  effect  of  these  burning  rate 
modifiers  on  the  efficiency  of  combustion.  These  measurements  are  made  at 
equivalence  ratio  conditions  less  than  1.0  (lean  mixture)  while  the  combustion  of  these 
propellant  formulations  in  this  strand  burner  are  made  at  an  equivalence  ratio  close  to 
2.34  (rich  mixture),  similar  to  the  equivalence  ratio  in  a  rocket  motor  combustion 
chamber.  Consequently,  the  results  of  these  heat  of  combustion  measurements  have 
only  an  indicative  value  and  the  consideration  of  the  results  to  the  combustion 
conditions  in  a  rocket  motor  combustion  chamber  must  be  made  with  care. 

The  measurements  of  heat  of  combustion  of  propellant  formulations  including  Fe203 
show  an  increase  in  Qhhvv  when  this  burning  rate  modifier  is  added  to  the  base 
composition  in  amounts  0.375-0.750  wt.%.  The  values  of  Qhhvv  for  compositions 
containing  0.375-0.750  wt.%  ofFe203  overlap  within  experimental  error.  When  1.875 
wt.%  Fe203  is  added  to  the  base  composition  the  value  of  <2hhvv  shows  a  decrease. 
This  is  an  indication  that  a  saturation  effect  of  Fe203  is  attained  for  these  formulations 
in  the  range  0.375-0.750  wt.%  of  Fe203. 

The  measurements  of  heat  of  combustion  of  propellant  formulations  including  Cr203 
overlap  within  experimental  error  with  the  values  of  Qhhvv  for  the  base  propellant 
formulation  (PC05).  The  general  trend  of  the  average  values  of  Qhhvv  is  to  decrease 
when  this  burning  rate  modifier  content  is  increased. 

The  typical  values  of  heat  of  combustion  obtained  for  the  propellant  formulations 
studied  are  about  13  MJ/kg.  The  values  of  heat  of  combustion  for  hydrocarbons  like 
polybutadiene  with  a  ratio  «h/«c  equal  to  1.5  is  about  42  MJ/kg.  Because  these 
formulations  have  25.0  wt.%  of  binder  if  the  heat  of  combustion  was  only  due  to  the 
combustion  of  the  hydrocarbon  we  would  have  for  these  composition  Qhhvv 
approximately  equal  to  10.5  MJ/kg.  We  can  conclude  that  the  PSAN  is  only  giving  a 
minor  contribution  to  the  heat  of  combustion  even  if  it  is  present  in  amounts  close  to 
75  wt.%.  With  this  picture  in  mind  and  the  results  obtained  it  can  be  concluded  that  the 
Fe203  burning  rate  modifier  in  amounts  in  the  range  0.375-0.750  wt.%  promotes  the 
combustion  of  the  HTPB  binder  system  while  the  Cr203  burning  rate  modifier  doesn’t 
promotes  the  combustion  of  the  HTPB  binder  system. 
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Preliminary  thermal  analysis  investigations  indicates  that  Cr203  has  an  effect  on  the 
last  thermal  decomposition  peak  of  PS  AN  changing  it  from  endothermic  to  exothermic 
when  Cr203  is  added  to  PSAN  [6],  while  Fe203  has  no  noticeable  effect  on  thermal 
decomposition  of  PSAN  [6],  The  mechanism  of  burning  rate  increase  of  these 
propellants  when  this  Cr203  is  added  seems  to  be  connected  with  the  increase  in  heat 
generation,  associated  with  thermal  decomposition  of  PSAN,  in  the  propellant  surface 
during  propellant  burning. 

The  results  of  burning  rate  measurements  with  the  compositions  including  Fe203 
burning  rate  modifier  show  a  monotone  decrease  in  pressure  exponent  and  a  monotone 
increase  in  pre  exponential  factor  of  Vieille's  law  when  this  burning  rate  modifier  is 
used  in  the  range  0-1.875  wt.%  content. 

This  Cr203  burning  rate  modifier  promotes  a  larger  increase  in  burning  rate  on  these 
propellants  than  this  Fe203  burning  rate  modifier,  when  the  same  amount  is  added,  in 
all  the  pressure  range  2-10  MPa  as  it  can  be  seen  in  Table  5  and  in  Fig.  4.  This  increase 
is  especially  noticeable  at  medium  pressures  and  is  obtained  with  a  low  pressure 
exponent. 

During  burning  experiments,  it  was  observed  the  formation  of  tar  in  the  exit  of  the 
strand  burner  venting  nozzle  when  the  burning  pressure  was  less  than  4.0  MPa  for 
propellant  formulations  including  Fe203,  and  when  the  burning  pressure  was  less  than 
5.0  MPa  for  propellant  formulations  including  Cr203.  This  fact  leads  to  recommend  to 
consider  a  burning  pressure  above  4.0  MPa  for  propellants  including  Fe203,  and  a 
burning  pressure  above  5.0  MPa  for  propellants  including  Cr203,  in  practical 
applications. 

In  consequence,  it  can  be  concluded  that  this  Fe203  burning  rate  modifier  is  very 
interesting  in  the  aspects  of  increasing  reliability  and  safety  (due  to  low  n)  and 
efficiency  (due  to  high  (Qhhvv)  of  gas  generators  or  rocket  motors  that  use  these 
formulations  and  then  in  a  less  important  way  by  increasing  performance  through 
increased  burning  rate. 

The  formulations  studied  show  that  this  Cr203  burning  rate  modifier  has  not  attained 
saturation  until  an  amount  of  1.875  wt.%  because  the  burning  rate  pre-exponential 
factor  increases  steadily  with  increasing  Cr203  burning  rate  modifier  content  in  the 
range  0-1.875  wt.  %,  while  the  pressure  exponent  oscillates  in  the  range  0.458-0.488 
in  compositions  including  this  burning  rate  modifier.  A  typical  increase  in  burning  rate 
in  the  range  4-6  MPa  for  propellant  formulation  including  1.875  wt.%  Cr203  is  20  % 
when  compared  to  the  base  formulation  PC05. 

This  study  suggests  that  Fe203  burning  rate  modifier  in  this  type  of  propellants  is  more 
effective  in  reducing  the  formation  of  tar  in  the  nozzle  exit  than  Cr203.  Because  tar  is 
formed  due  to  incomplete  oxidation  of  the  binder  system  HTPB-IPDI  this  result  is  in 
accordance  with  a  preliminary  thermal  analysis  investigation  that  indicates  that  this 
Fe203  has  an  effect  on  the  thermal  decomposition  of  the  HTPB-IPDI  binder  system 
[6],  and  with  measurements  of  heat  of  combustion  that  indicate  that  the  Fe203  burning 
rate  modifier  is  promoting  the  combustion  of  the  binder  revealed  by  the  larger  heat  of 
combustion  of  propellant  formulation  including  Fe203  when  compared  with  the  base 
formulation  PC05  and  with  the  formulations  including  Cr203. 
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5.  Conclusions 


Calorimetric  bomb  measurements  suggest  that  this  Fe203  burning  rate  modifier 
increases  the  combustion  efficiency  when  included  in  the  formulation  of  this  type  of 
propellants  while  this  Cr203  burning  rate  modifier  decreases  the  combustion  efficiency. 

A  saturation  effect  is  observed  on  the  base  composition  for  this  Fe203  burning  rate 
modifier  in  the  range  0.375-0.750  wt.%. 

This  study  suggests  that  this  Cr203  burning  rate  modifier  in  this  type  of  propellants 
shows  no  saturation  effect  when  used  in  amounts  less  than  or  equal  to  1.875  wt.%. 
When  this  burning  rate  modifier  is  added  it  combines  simultaneously  a  noticeable 
increase  in  burning  rate  pre  exponential  factor  and  a  low  pressure  exponent,  in  the 
range  2-10  MPa.  It  has  the  disadvantage  of  being  suspect  carcinogenic.  This  burning 
rate  modifier  is  interesting  in  the  aspects  of  reliability,  safety  and  performance  of  gas 
generators  or  rocket  motors  that  use  these  formulations  but  is  noxious  to  the 
environment  and  seems  to  decrease  the  efficiency  of  combustion  of  these  propellants. 

A  formulation  with  1.875  wt.%  Fe203  burning  rate  proved  to  have  a  good  burning 
behaviour  for  practical  applications  in  all  the  pressure  range  2-10  MPa,  because  it 
presents  the  lowest  pressure  exponent  and  the  highest  pre  exponential  factor  for 
formulations  including  this  burning  rate  modifier.  Fe203  burning  rate  modifier  also  has 
the  advantage  of  being  non  pollutant.  This  burning  rate  modifier  is  more  interesting  in 
improving  the  aspects  of  reliability,  safety,  environmental  impact  and  efficiency  of  gas 
generators  or  rocket  motors  that  use  these  formulations  than  on  the  aspect  of 
performance. 

This  study  suggests  that  Fe203  burning  rate  modifier  in  this  type  of  propellants  is  more 
effective  in  reducing  the  formation  of  tar  in  the  nozzle  exit  than  Cr203. 
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ABSTRACT 

Boron  containing  propellants,  based  on  AP/GAP  and  AP/HMX/GAP  formulations,  have  been 
investigated  applying  fast  spectroscopic,  pyrometric  and  photographic  tools.  The  propellants 
burnt  at  a  rate  of  17mm/s  at  5  MPa.  Adding  of  an  iron  oxide  catalyst  increases  the  rate  to  20 
mm/s  at  same  pressure.  The  determined  average  pressure  exponents  are  0.66  without  and  0.57 
with  iron  oxide  as  catalyst.  At  pressures  higher  than  5  MPa,  a  strong  decrease  in  the  exponent 
is  observable. 

The  reaction  zones  show  high  particle  concentrations  with  temperatures  from  1500  to  2000  K, 
varying  with  the  adjusted  nitrogen  pressure.  Reacting  with  air,  the  particle  temperatures  in¬ 
crease  close  to  the  evaporation  temperature  (2200  K)  of  boron  dioxide.  The  reaction  of  boron 
with  oxygen  is  proved  by  the  results  of  spectroscopic  data. 

Considering  an  application  in  a  Ducted  Rocket,  the  boron  is  heated  to  the  desired  reaction 
temperature. 

I.  INTRODUCTION 

The  range  of  short  and  medium  distance  missiles  is  mainly  limited  by  the  weight  of  trans¬ 
ported  fuel.  Therefore,  air-breathing  concepts  of  rocket  propellants  aim  to  develop  new  low- 
weight  formulations. 

One  principle  of  realising  such  a  technique  is  the  Ducted  Rocket,  a  propulsion  unit  based  on 
two  separate  combustion  chambers: 

•  the  first  chamber,  producing  hot  gas  and  additional  fuel 

•  the  second  chamber,  where  the  additional  fuel  is  exothermally  reacting  with  air 
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In  the  primary  gas  generator,  the  secondary  fuel  is  released  and  heated  to  ignition  temperature 
for  reacting  with  air  in  the  secondary  chamber. 

Boron  is  one  of  the  favourite  fuels  (low  molar  weight,  high  reaction  enthalpy)  [1-3].  In  the 
presented  work,  the  combustion  behaviour  of  high  boron  containing  propellants  (FS  280,  FS 
314,  FS  315),  developed  at  ICT,  has  been  investigated  in  a  so-called  optical  bomb  (see  chapter 
11.)  using  two  different  atmospheres: 

•  Nitrogen,  to  simulate  the  first  chamber 

•  Air,  to  simulate  the  first  reactions  in  the  secondary  chamber. 

Presented  are  results  for  combustion  rate,  flame  geometry,  temperature  and  emitted  radiation 
to  allow  interpretations  with  reference  to  applications  in  rocket  propulsion. 


II.  EXPERIMENTAL 


The  experiments  were  carried  out  in  an  optical  bomb  equipped  with  two  opposite  windows, 
allowing  simultaneously  the  observation  of  propellant  combustion  up  to  10  MPa  by  different 
methods  (fig.l)  [4].  The  propellant  formulations  were  pressed  to  strands  of  4  x  4  x  40  mm  and 
electrically  ignited. 


Figure  1:  Experimental  set-up  for  simultaneously  spectroscopic  and  pyrometric  investigation 
of  propellant  combustion 


Visualisation  of  the  combustion  was  achieved,  using  an  automatically  exposing  camera  (4 
frames  per  second).  The  emitted  radiation  was  detected  with  a  Trakor  Northern  TN  6500  opti¬ 
cal  multichannel  spectrometer  (time  resolution:  10  ms).  Simultaneously,  the  combustion  was 
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observed  applying  a  fast  two  colour  pyrometer  developed  at  ICT  (time  resolution  <  0. 1  ms) 
[5].  The  high  time  resolution  allows  detection  of  single  boron  particles. 

For  determining  the  combustion  rate  under  nitrogen  atmosphere,  the  strand  was  focused  on  a 
diode  array,  detecting  the  progressing  flame  front  [6]. 


III.  INVESTIGATED  FORMULATIONS 

The  investigated  propellants  FS  280,  FS  314  and  FS  315  base  on  boron  containing  AP/GAP 
formulations.  FS  314  and  FS  315  are  additionally  blended  with  HMX  (tab.l). 


Sample 

AP 

HMX 

GAP 

N100 

CO 

o 

cx 

LL 

FS  280 

20 

“ 

25.6 

12 

40 

m 

- 

20 

5 

25.2 

12 

35 

m 

- 

20 

5 

24.5 

11.7 

35 

2.8 

1 

Table  1:  Composition  of  the  investigated  propellants  (in  Ma%) 


The  propellants  were  burnt  in  the  optical  bomb  both  in  nitrogen  and  air  atmosphere  at  pres¬ 
sures  of  0.5,  2, 4  and  7  MPa.  Thermodynamic  calculations,  applying  the  ICT  code  [7],  showed 
the  following  results  for  adiabatic  flame  temperatures  (in  K): 


Sample 

2  MPa,  N2 

7  MPa,  Nz 

2  MPa,  Air 

7  MPa,  Air 

FS  280 

2340 

2350 

2890 

FS  314 

2350 

2350 

2880 

FS315 

2350 

2350 

2830 

2880 

Table  2:  Adiabatic  flame  temperatures  in  K  (combustion  with  air:  stoichiometric  conditions) 

Additional  amount  of  oxygen  increases  the  flame  temperature  about  500  K,  proving  a  gain  of 
power  in  the  second  combustion  chamber  without  oxidator  in  the  propellant  (reduction  of 
weight). 
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The  calculated  reaction  products  of  FS  280  in  first  and  after  second  reaction  chamber  are 
shown  in  table  3  assuming  a  pressure  of  7  MPa  in  first  reaction  chamber  and  an  adiabatic  re¬ 
laxation  to  standard  conditions  at  frozen  equilibrium  for  the  combustion  with  air. 


comb,  chamber,  7  MPa 

nozzle  exit ,  0.1  MPa 

Temperature  in  K 

2350 

1610 

reaction  products  in  mol%: 

0 

0 

to 

0 

5.7 

H2O 

0 

2.3 

N2 

0 

77.2 

CO 

15.9 

0.2 

H2 

18.7 

0 

BOH 

2.9 

0 

HBO2 

0.2 

8.1 

UJ 

0 

ro 

0 

0.1 

B2O2 

0.8 

0 

B2O3 

0.3 

5.3 

HCI 

2.5 

0.8 

C 

3.2 

0 

B 

36.6 

0 

BN 

18.4 

0 

Table  3:  Equilibrium  composition  of  important  reaction  products  of  FS  280  in  first  and  after 
second  combustion  chamber  (in  mol%) 


The  results  show,  that  boron  is  not  reacting  in  the  primary  zone  and,  therefore,  preserved  for 
oxidation  in  air  atmosphere  (second  reaction  chamber).  Only  partially  oxidised  components  in 
the  gas  composition  like  CO  or  H2  are  additional  reactants  for  the  air  supplied  second  rocket 
chamber  and  increase  power. 


IV.  RESULTS  AND  DISCUSSION 


The  investigations  aimed  at: 

•  characterisation  of  the  process  determining  combustion  rate  and  temperature, 

•  verifying  that  boron  is  not  burnt  in  the  first  reaction  step  but  produced  with  a  tem¬ 
perature  high  enough  to  react  in  the  second  one 

•  investigating  the  reaction  zone  (geometry,  emitted  radiation,  intermediate  products) 
to  clear  up  reaction  mechanisms. 


iV.1  Combustion  Rate 

Figure  2  shows  the  experimental  combustion  rates  vs.  pressure  (nitrogen  atmosphere).  As 
consequence  of  iron  oxide  catalysis,  FS  315  shows  maximum  rates  and  minimum  mean  pres¬ 
sure  exponents  (FS  315:  0.57,  FS  280  and  FS  314:  0.65  at  0.5  to  10  MPa).  At  relevant  higher 
pressures  (>  2  MPa),  an  even  stronger  effect  is  observable  (pressure  exponent:  0.4  for 
FS  315).  Therefore,  the  FS  315  formulation  is  advantageous,  both  in  pressure  exponent  and 
power. 


0.4  0.6  0.8  1.0  2.0  4.0  6.0  8.0  10.0 


Figure  2:  Combustion  rate  V5.  reaction  pressure  of  investigated  propellants 


IV.2  Flame  Geometry 


The  shape  of  the  reaction  zone  of  the  three  investigated  propellants  are  not  significantly  dif¬ 
ferent  (fig.3).  Originated  from  hot  particles,  a  lot  of  observed  luminescant  traces  are  observ¬ 
able  (probably  glowing  boron  particles).  The  surface  of  the  propellant  seems  to  be  not  melted. 
It  emits  with  low  intensity.  The  dark  spots  above  FS  315  surface  point  at  ejected  small  pro¬ 
pellant  fractions.  No  dark  zone  (Fizz  zone)  is  observable. 


FS280  FS314  FS315 

Figure  3:  Combustion  zones  of  FS  280,  FS  314  and  FS  315  propellants  in  0.5  MPa  nitrogen 
atmosphere 


Figure  4:  Combustion  ofFS  280  in  air  atmosphere  (2  MPa) 


The  photographic  investigations  in  air  atmosphere  were  disturbed  by  strong  fogging  caused 
from  water  condensation  at  HCl  molecules.  Additionally,  the  air  oxygen  induces  a  strong  non 


70 


7 


homogeneous  combustion  front  (fig.4).  Single  fractions  are  ejected.  The  observed  luminescant 
traces  are  generated  by  hot  boron  particles  reacting  with  air. 


IV.3  Spectroscopy 

The  spectroscopic  investigations  aimed  in  the  question,  whether  the  non-bumt  boron  from  the 
propellants  is  hot  enough  to  react  in  air  or  not.  Therefore,  the  combustion  was  investigated 
supplying  air  and  nitrogen. 

Figure  5  shows  spectra  in  the  intensity  maximum  of  FS  280  with  nitrogen  supply  at  pressures 
of  0.5, 2, 4  and  7  MPa.  Corresponding  spectra  with  air  supply  to  FS  315  are  shown  in  figure  6. 
Pure  continuous  intensity  contribution  is  observable  in  nitrogen  atmosphere,  comparable  to 
that  obtained  from  hot  condensed  matter  or  gas  phases  with  high  particle  concentrations.  The 
intensity  is  increasing  with  pressure  caused  from  a  higher  temperature  or  particle  density  in 
the  gas  phase. 

*10-“ 


Figure  5:  Spectra  obtained  from  the  gas/particle  phase  of  FS  280  propellant  at  different  ni¬ 
trogen  pressures 
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In  air  atmosphere  (fig.6),  the  spectra  show  strong  atomic  lines  (sodium  589  nm,  potassium 
766.5  and  769.9  nm)  and  band  profiles  caused  by  the  BO2  molecule  (between  500  and  600 
nm).  The  boron  particles  are  reacting  with  air  proving  the  assumed  heating  of  boron  by  the 
propellant  in  the  first  reaction  chamber. 

The  temperatures  can  be  obtained  by  fitting  Planck’s  radiation  law  with  constant  emission  co¬ 
efficient  <  1  to  the  experimental  data  (fig.7).  The  obtained  temperatures  at  various  pressures 
are  summarised  in  figure  8.  Compared  to  nitrogen  atmosphere,  the  temperatures  of  all  propel¬ 
lants  are  700  to  1200  K  higher  supplying  air.  This  proves  the  additional  amount  of  energy  by 
boron  oxidation. 
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Figure  8:  Temperatures  at  FS-propellants  combustion  at  different  pressures  of  air  and  nitro¬ 
gen  obtained  from  a  grey  radiation  fit 


IV.4  Pyrometry 

The  applied  two  colour  pyrometer  allows  measuring  temperature  and  integrated  radiation  of 
the  reaction  front  with  a  time  resolution  At  <  0.1  ms  [4].  Single  particles  are  detectable.  Fig¬ 
ures  9  and  10  show  examples  of  temperature  profiles  under  nitrogen  (left)  and  air  (right)  at¬ 
mosphere  at  0.5  and  7  MPa. 

At  0.5  MPa  nitrogen  pressure,  the  intensity  strongly  increases  in  the  first  zone,  where  the  hot 
reaction  zone  (burning  surface)  is  located.  Strong  peaks  are  observable  in  all  experiments, 
caused  by  boron  particles.  The  peak  frequency  is  constant.  During  the  first  5  to  10  seconds, 
temperatures  of  1400  to  1600  K  were  measured,  moderately  decreasing  up-stream.  The  spec¬ 
troscopic  investigations  showed  no  boron  oxidation  in  nitrogen  atmosphere,  therefore  indicate 
that  the  boron  can  be  considered  to  be  inert  in  the  first  combustion  chamber.  10  mm  above  the 
surface  the  particles  are  slowly  cooling  down. 

At  7  MPa  nitrogen  atmosphere  (fig.  10),  the  complete  reaction  zone  and  the  area  of  constant 
temperature  are  extremely  shortened.  Higher  particle  temperatures  of  1800  to  2000  K  are  ob¬ 
tained.  The  ignition  temperature  of  boron  is  reached. 

The  combustion  in  air  atmosphere  shows  a  symmetrical  reaction  zone.  The  obtained  tem¬ 
peratures  are  1900  to  2000  K  and  are  distinctively  higher  than  in  nitrogen  atmosphere  com¬ 
bustion.  The  temperatures  increase  (2000  to  2100  K)  at  7  MPa  pressure. 

Figure  1 1  shows  in  detail  temperature  and  intensity  measurements  in  the  upper  and  lower  re¬ 
action  zone.  The  upper  is  determined  by  the  area  of  constant  temperature.  In  the  lower  zone  of 
reaction,  particle  peaks  and  temperature  maxima  of  1500  K  coincide.  In  the  upper  zone,  the 
minima  of  temperature  (about  1450  K)  are  coincident  with  the  intensity  maxima  of  emitting 
particles.  This  is  attributed  to  a  slightly  cooling  of  the  boron  particles. 


FS  280, 0.5  MPa  N, 


FS  280, 0.5  MPa  air 


Figure  9:  Progressing  of  temperature  and  intensity  at  0.5  MPa  in  nitrogen  (left)  and 
(right)  atmosphere 


FS260,7MPaN, 


FS  260, 7  MPa  air 


Figure  10:  Progressing  of  temperature  and  intensity  at  7  MPa  in  nitrogen  (left)  and 
( right)  atmosphere 
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ABSTRACT 

The  development  of  a  very  different  concept  and  theory  of  the 
detonation  of  chemical  explosives  is  presented.  It  is  shown  that 
a  new  theory  of  kinetics  is  also  derived,  based  on  a  method  and 
equation  we  developed  for  the  calculation  of  Hugoniot  (shock  velo¬ 
city  as  a  function  of  shock  pressure)  values  for  condensed  ele¬ 
ments.  Our  physical-chemical  model  of  a. shock  wave  is  based  on 
the  concept  that  the  velocity  of  a  shock  front  moving  through  a 
condensed  material  is  a  result  of  the  momentum  transfer  of  the 
shock  energy  by  the  motion  of  the  atoms  of  the  material  at  the 
average  relative  velocity  of  the  vibrational  motion,  ARVV ,  of  the 
atom  pairs.  This  concept  leads  to  the  definition  of  physical 
kinetics  as  a  nonequilibrium,  nonthermal  process  in  which  chemi¬ 
cal  reaction  rates  are  determined  and  regulated  by  the  ARVVs  of 
the  bonded  atoms  in  the  condensed  systems  under  the  influence  of 
high-velocity  shocks. 

The  results  of  these  studies  provide  the  foundations  for  the  new 
physical  kinetics  and  for  the  different  theory  of  detonation. 

Through  additional  development,  we  can  now  calculate  accurately 
detonation  velocities.  From  the  concept  underlying  physical 
kinetics  and  with  the  method  given  herein  for  the  calculation  of 
detonation  velocities,  we  present  the  detonation  theory  in  which 
the  ARVVs  determine  the  rate  of  advance  of  the  kinetic  energy  of 
the  detonation  wave  that  leads  to  the  very  high  impact  velocities 
of  the  atoms  and  molecules  in  the  front.  This  impact,  with  its 
resultant  compression  and  shear,  causes  massive  bond  scission  in 
extremely  short  times  in  and  very  near  the  shock  front,  and  the 
free  atoms  and  radicals  and  other  highly-activated  species  formed 
then  react  in  very  short  times  (tens  of  femtoseconds  to  picoseconds) 
to  provide  the  chemical  energy  which  maintains  the  enormous  level 
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of  kinetic  energy  at  the  detonation  front.  Data  from  more  recent 
papers  in  support  of  this  work  are  presented. 

INTRODUCTION 

When  we  began  our  early  experiments  on  the  initiation  of  chemical 
explosives  more  than  25  years  ago,  we  did  not  anticipate  the  de¬ 
velopment  of  a  new  kinetics  and  a  new  theory  of  detonation.  In 
fact,  before  we  completed  the  early  work,  we  had  expected  the  re¬ 
sults  of  the  experiments  to  support  the  classical  theories  of  the 
time.  However,  when  we  learned  that  our  critical  energy  concept 
for  initiation  was  probably  more  nearly  correct  than  the  pressure 
concept,  and  after  the  subsequent  observation  that  the  time  to 
initiation  of  nitromethane ,  NM,  at  low  shock  pressures  was  several 
orders  of  magnitude  less  than  the  classically-proposed  values, 
we  felt  that  more  experimentation  and  analysis  were  important. 

This  fact  became  the  motivation  for  our  continued  experimentation, 
calculation  and  analysis.  At  this  early  time,  we  did  not  have  an 
explicit  plan  for  the  development  of  a  new  theory.  In  fact,  we 
did  not  anticipate  that  very  different  or  novel  theories  of  initi¬ 
ation,  detonation  or,  particularly,  of  shock  kinetics  would  be 
required.  We  were  told  repeatedly,  and  sometimes  heatedly,  that 
we  had  made  errors  in  our  experiments  or  in  our  calculations,  and 
we  worked  diligently  to  either  find  such  errors  or  to  complete  new 
experiments  and  calculations  which  might  support  our  early  work. 

As  seems  quite  evident  now,  and  as  has  been  summarized  in  two 
(12)  ( 1) 

presentations^  ’  and  in  a  paper'' published  in  1994,  the  classi¬ 
cal  theories  had  serious  defects,  particularly  as  related  to  the 
time  and  space  dimensions  and  the  microscopic  processes  involved. 

DEVELOPMENT  OF  A  RESEARCH  PLAN 
Background 

We  soon  became  convinced  from  the  results  of  a  series  of  experi¬ 
ments  with  NM  plus  DETA  (diethylene  triamine)  and  from  our 
early  molecular  dynamics,  MD,  calculations^ that  our  first 
research  was  not  in  error  and,  very  likely,  that  it  pointed  the 
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direction  in  which  our  future  studies  should  proceed.  From  the 
first  analysis  of  the  shock  initiation  studies,  in  which  we  de¬ 
veloped  the  equation  which  describes  the  critical  energy  fluence 
basis  for  shock  initiation,  it  was  evident  that  two  simple  equa¬ 
tions  from  physics  were  probably  basic  to  understanding  the  chem¬ 
istry  of  the  initiation  and  detonation  of  chemical  explosives. 

E,  =  -Imv^  (kinetic  energy)  and  (1) 

K 

I’-Po  <2) 

P 

(the  Hugoniot  or  shock  velocity  equations). 

For,  as  we  showed  in  the  first  paper, 

+p2 

E  =  (critical  energy  fluence  for  initiation),  (3) 

c 

depends  on  and  is  derived  from  Eqs .  1  and  2. 

Therefore,  we  set  out  on  our  research  to  explore  the  ways  in 
which  kinetic  energy  and  shock  velocity,  U^,  were  integral  to  and 
involved  in  shock  and  detonation  chemistry:  in  the  shock  structure, 
shock  rise  times,  shock  sensitivity,  shock  energy  and  how  it  is 
transferred  and  maintained,  shock  and  detonation  kinetics,  shock 
and  detonation  temperatures,  and  detonation  velocity,  D. 


The  Develonment  Plan 


As  a  result  of  the  realization  that  there  was  a  critical 
energy  fluence  for  the  shock  initiation  of  heterogeneous  explo¬ 
sives,  we  decided  to  check  the  determinant  for  shock  initiation 
in  homogeneous  explosives.  The  observations  on  the  low-pressure 
initiation  of  MM  convinced  us  that  there  were  other  defects  in  the 
classical  theory,  and  we  started  on  a  search  for  a  new  theory. 

The  plan  was  not  developed  all  at  once,  but  we  devised  it  step- 
by-step  as  new  data  were  obtained. 


We  had  become  well  aware  at  this  time  that  we  would  have  to 
demonstrate  and  substantiate  that  there  were  many  defects  in  the 
classical  theory  and  that  reviews  of  the  new  concepts  and  hypo¬ 
theses  would  be  highly  critical.  Therefore,  we  completed  a  broad 


range  of  experiments  and  calculations,  and  we  searched  for  cor¬ 
roboration  in  the  studies  of  other  scientists. 

Two  important  observations  made  early  in  our  studies  which 

helped  in  the  planning  are:  (1)  That  8  km/s  =  8mm/micro second  = 

8  angstroms/1 s.  (This  shows  that  the  shock  front  crosses  a 

-14 

covalent  bond  in  about  10  s,  since  the  bonds  are  in  a  somewhat 
random  orientation  to  the  shock  axis.)  (2)  The  kinetic  energy  of 
the  momentum  transfer  in  strong  shocks  and  detonation  is  stronger 
than  the  covalent  bond  strengths. 

The  development  plan  outlined  below  is  summarized  in  Table  1. 

Kinetic  Energy  Effects 

1.  Determine  the  structure  of  the  initiation  (where  does 
initiation  begin)  in  both  heterogeneous  and  homogeneous  (liquid) 
explosives . 

2.  Determine  the  possible  acceleration  of  a  shock  front  in 
NM  at  shocks  less  than  detonation  levels. 

3.  Study  the  effects  of  amine  additives  (DETA)  to  NM: 
measure  the  time  to  initiation  and  detonation  velocity  as  a 
function  of  DETA  concentration. 

4.  Calculate  with  MD  the  possibility  of  the  momentum  trans¬ 
fer  of  the  kinetic  energy  of  a  shock  or  detonation  wave  and  the 
possibility  of  massive  bond  scission  at  or  near  detonation  shock 
energy. 

5.  Review  the  detonation  calorimetry  experiment  of  Ornellas 
and  McGuire with  bis-trinitroethyl  adipate  (BTNEA) .  Nearly 
complete  scission  or  rearrangement  of  the  covalent  bonds  was  re¬ 
ported. 

6.  Determine  shock  rise  times  and  shock  front  widths.  Cal¬ 
culate  the  extent  and  the  rise  time  of  the  vibrational  bond  energy 
from  the  action  of  the  kinetic  energy  of  the  shock  wave. 

7.  Determine  the  strength  of  the  shock  kinetic  forces  in 
relation  to  the  covalent  bond  strengths  of  the  explosives  mole¬ 
cules  . 


8.  Check  for  correlations  in  reaction  dynamics  experiments 
and  in  detonation  studies  for  corroboration  of  the  new  models. 

9.  Show  that  the  chemical  reactions  in  and  very  near  the 
detonation  front  are  not  in  thermal  equilibrium  and  that  they  are 
not  classically-thermal  processes. 

Shock  Velocity  Effects 

1.  Determine  if  U  versus  pressure,  P,  can  be  calculated 

5 

accurately  with  MD. 

2.  Determine  if  Hugoniots  of  the  elements  can  be  calculated 
accurately,  algebraically,  from  basic  atomic  properties. 

3.  Determine  if  Hugoniots  for  organic  compounds  can  be  cal¬ 
culated  from  the  elemental  Hugoniots. 

4.  Determine  if  relative  vibrational  velocities,  RVVs,  can 
be  calculated  from  infrared  spectroscopic  and  xray  crystallo¬ 
graphic  data  and  also  from  quantum  mechanics,  QM,  by  use  of  the 
Hulbert-Hirschfelder,  HH,  equations. 

5.  Determine  if  a  "shock  barrier"  to  detonation  velocities 
can  be  demonstrated  and  if  it  is  related  to  the  bond  vibrational 
velocities . 

6.  Develop  a  concept  of  average  relative  vibrational  velo¬ 
cities,  ARVVs,  and  then  develop  a  new  "physical  kinetics"  based 
on  the  ARVVs. 


7.  Determine  if  the  transfer  of  shock  wave  and  detonation 
kinetic  energy  is  shown  to  be  a  momentum  transfer  process  by  the 
use  of  new  MD  calculations  incorporating  many-body  potentials 
and  enhanced  pictorial  presentations. 

8.  Derive  a  simple  equation  for  calculating  Ds  from  the 

(1-3) 

empirical  equations  of  Kamlet  and  Jacobs. 

9.  Derive  a  refined  equation  for  calculation  of  Ds  based 
on  the  Kamlet- Jacobs  work  and  an  analysis  of  detonation  data. 

10.  Derive  a  final  detonation  velocity  equation  from  the 
concept  of  physical  kinetics  and  the  method  given  earlier  for  the 
calculation  of  the  Hugoniots  of  organic  compounds. 


11.  Determination  of  the  microscopic  structure  of  shock  and 
detonation  fronts;  rise  times,  front  widths,  kinetic  energy  levels 
energy  transfer  factors,  bond  scission  and  rearrangement  processes 
chemical  reaction  rates  and  types,  maintenance  of  the  detonation 
kinetic  energy  levels,  nonequilibrium  and  nonthermal  processes, 
chain  reactions  and  free-radical  mechanisms,  and  the  ARVV  and 
physical  kinetics  control  of  Ds . 

Rationale  for  the  Theory  Development 

As  the  work  progressed,  a  rationale  for  the  theory  develop¬ 
ment  emerged.  It  seemed  that  each  new  experiment  or  calculation 
or  analysis  (along  with  new  data  and  information  from  the  work  of 
others  in  the  field)  appeared  to  be  stepping  stones  toward  new 
concepts  and  hypotheses,  and  they  appeared  to  be  related  to  either 
the  kinetic  energy  aspects  or  the  shock  velocity  concepts  of  the 
early  work.  Concise  summaries  of  the  progression  of  the  rationale 
follow. 

Kinetic  Energy  and  Nonthermal  Bond  Scission  Factors 

1.  Times  to  initiation  of  NM  at  6.0  to  6.5  GPa  are  four 
orders  of  magnitude  less  than  predicted  classical  values. 

2.  Initiation  in  NM  occurs  at  and  very  near  the  shock  front- 
not  at  the  face  first  put  under  compression. 

3.  Shocks  in  NM  at  less  that  initiating  levels  cause  accel¬ 
eration  of  the  shock  front  above  hydrodynamic  (unreactive)  levels. 
The  increase  in  shock  velocity  appears  to  be  a  result  of  chemical 
energy  released  at  or  near  the  shock  front,  and  it  is  proportional 
to  the  shock  pressure  of  a  sustained  (long  duration)  shock.  Com¬ 
puter  modelling  of  the  experiment  indicated  that  there  was  about 

1  to  kfo  of  chemical  reaction  of  the  NM  at  the  front. 

4.  Detonation  of  NM  with  added  DETA  shows  an  increase  in  D 
from  6.32  to  6.7  km/s  at  a  DETA  concentration  of  0.05^. 

5.  Calculation  with  the  equation  of  Skidmore  and  Hart^^^ 
shows  that  a  new  Chapman- Jouguet  pressure,  Pqj.  of  about  I9  GPa 
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would  be  required  for  6.7  km/s  D  in  NM.  This  large  increase  is 
a  strong  indication  of  other,  fast  free-radical,  chain  reactions 
providing  a  very  high  energy  release  rate  in  a  nonthermal ,  non¬ 
equilibrium  process.  (Later  calculation  of  the  expected  D  of 
NM  at  19  GPa  by  use  of  our  final  equation  for  the  calculation  of 
Ds  from  the  empirical  formulae  of  explosives  gave  a  value  of  near 
6 . 7  km/s . ) 

6.  A  detonation  calorimetry  study  by  Ornellas  and  McGuire^ 
of  BTNEA  shows  nearly  complete  scission  (or  rearrangement)  of  the 
chemical  bonds  of  the  BTNEA  with  random  recombinations. 

.  f 1-1^ 

7.  Measured  shock  front  rise  times  by  Harris  and  Presles^  ^ 

show  shock  front  widths  of  about  15  water  molecules--60  to  90 
angstroms . 

8.  Our  MD  calculations  of  shock  front  widths  show  values 

of  about  40  to  100  angstroms.  Brenner  and  Robertson,'  using 

many-body  potentials,  find  similar  rise  times,  shock  front  widths, 
and  massive  bond  scissions  and  rearrangements. 

9.  Henry  Eyring  said  very  early  that  shock  and  detonation 
waves  were  momentum  transfer  processes  and  that  the  kinetics  in 
detonation  was  not  Arrhenius  thermal  kinetics.  He  named  it 
starvation  kinetics. 

10.  The  MD  calculations  show  that  the  kinetic  energy  of  mo¬ 
mentum  transfer  at  near  detonation  shock  pressures  provides  about 
4  ev  of  vibrational  energy  in  the  lattice  atoms  in  about  80  f s . 

This  is  more  energy  than  the  covalent  bond  strengths  in  RDX.  MD 
calculations  also  show  that  the  extent  of  bond  fracture  is  a 
function  of  shock  energy,  and  that  near  D  values  the  scission  is 
massive . 

11.  Calculations  of  the  kinetic  energy  of  the  atoms  in  a 
moderate  shock  front,  4  to  5  GPa,  show  that  it  is  nearly  equal  to 
the  bond  strengths  in  the  covalent  bonds  in  RDX.  The  kinetic 
energy  in  the  detonation  front  of  N  and  0  atoms  at  8  km/s  is  4.72 
and  5*34  ev,  respectively. 
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12.  Correlation  of  data  from  reaction  dynamics,  RD,  experi¬ 
ments — atomic  velocities,  lond  strengths,  times  to  reaction, 
kinetic  energies  of  atoms,  etc.,  with  data  and  calculations  from 
detonation  studies  provides  additional  support  for  the  importance 
of  the  kinetic  energy  factors. 

13.  Since  the  shock  energy  is  so  high  in  detonation,  the 
chemical  reactions  that  occur  are  not  only  those  with  the  lowest 
activation  energies,  but  almost  any  reaction  pathway  is  available. 
Thus,  it  is  highly  probable  that  the  free-radical  and  short  chain 
reactions  of  the  C,H,0,N  atoms  can  occur  in  10“^^  to  10“^^  s. 

Shock  and  Vibrational  Velocities  Determine  Kinetics 

1.  We  derived  simple  but  accurate  equations  for  the  calcu¬ 
lation  of  the  Hugoniots  of  elements  from  the  atomic  properties 
found  in  a  periodic  chart  of  the  elements : 

(r^  is  atomic  radius,  w^^  is  atomic  weight,/^ is  density) 

U  =  (!k)^  ■  f(P)  (5) 

a 

2.  Calculations  of  Hugoniot  values  by  MD  match  the  data 
for  organic  (covalent)  materials. 

3»  Calculations  of  Hugoniot  values  for  organic  compounds 
from  our  calculated  Hugoniots  of  the  elements  match  the  MD  cal¬ 
culations  and  the  data. 

^s  =S(U^e^e)  (6) 

(From  the  empirical  formulae,  is  shock  velocity  of 

of  the  element,  and  f^  is  the  weight  fraction  of  the 
element . ) 

4.  Calculations  from  xray  crystallography  (the  thermal 
uncertainty  of  atomic  positions)  and  infrared  data  (vibrational 
frequencies)  give  values  of  the  vibrational  velocities  of  covalent 
atom  couples . 

V  =  i^cu  (7) 

(V  is  vibrational  velocity is  the  infrared  frequency  in 
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cm“^,  c  is  the  velocity  of  light,  and  u  is  the  relative 
distance  traveled  "between  the  atoms  in  one  vihrationt ) 

5.  After  we  observed  the  importance  of  shock  velocity  val¬ 
ues  in  initiation  and  in  the  shock  acceleration  in  NM,  one  of  the 
first  indications  of  the  possibility  that  there  was  a  physical 
control  or  "barrier"  for  shock  velocities  appeared  in  a  plot  made 
that  showed  that  the  detonation  velocities  of  the  known  chemical 
explosives  all  fall  within  the  range  of  the  CH,  NH.  OH  atomic 
vibrational  velocities. 

6.  Calculations  of  the  vibrational  velocities  from  the  H-H 
equations  correlate  well  with  the  MD  and  the  xray-infrared  cal¬ 
culations  and  with  the  "shock  barrier"  graph.  We  obtained  also 

U  as  a  function  of  temperature, 
s 

7.  Formulation  of  the  hypotheses  of  the  average  relative 
vibrational  velocities,  ARWs,  of  atom  pairs  and  groups  and  the 
rates  of  momentum  transfer  of  the  kinetic  energy  of  shock  and 
detonation  waves  was  now  feasible. 

8.  Using  the  empirical  equations,  P  =  and  j/  =  , 

from  the  work  of  Kamlet  and  Jacobs, we  derived  a  simple 
equation, 

,  .  (8) 

D  =  2.45  +  ^ 

which  yields  a  good  fit  to  the  detonation  data.  One  curious  fac¬ 
tor  is  that  the  aliphatic  explosives  are  mostly  on  one  side  of 
the  average  curve  through  the  data,  and  the  aromatics 
are  on  the  other  side.  One  interpretation  of  this  fact  is  that 
the  energy  required  to  break  up  the  conjugated  rings  in  the  aro¬ 
matics  is  equal  to  that  required  to  add  about  0.25  km/s  to  the  Ds 

9..,  From  information  in  Paragraph  eight,  we  derived  another 
equation,  ^  ^ 

D  =  +  2.0  +  0.25a)  +  0.05(Hp  +  -^)  .  (9) 

This  equation  gives  excellent  fit  to  the  detonation  data,  ^ith  a 
correlation  coefficient  of  0.991  for  14  common  explosives. 
Equations  8  and  9  indicate  that  thermodynamic  content  of  the 
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explosives  molecules  is  a  second  order  iXinction,  since  the  thermo¬ 
dynamic  variable  0'  in  the  equations  of  Kamlet  and  Jacobs  is  taken 
as  the  constant  6  in  both  equations. 

10.  Finally,  a  simpler  equation, 

^  (10) 
was  developed  from  information  given  above  in  this  section.  This 
equation  gives  excellent  results  compared  to  the  data  for  all  of 
the  explosives  for  which  we  had  data  for  comparison.  The  corre¬ 
lation  coefficient  is  O.976. 

11.  The  efficacy  of  this  equation,  Eq.  10,  even  using  ^s 

U  d 

calculated  with  the  empirical  equation  of  Kamlet  and  Jacobs, 
gives  strong  support  for  the  concept  of  massive  bond  scission  in 
detonation,  since  the  Ds  are  calculated  simply  from  the  empirical 
formulae  of  the  explosives--the  shock  velocities  of  the  elements 
at  the  P^j  and  the  weight  fraction  of  each  element. 

NEW  SUPPORTING  DATA  FROM  WORK  OF  OTHERS 

Fortunately,  there  are  many  excellent  scientists  working  in 
this  area  of  research,  and  many  of  them  have  completed  experiments 
and/or  calculations  related  to  our  development  plan.  Short  sum¬ 
maries  from  some  of  this  work  follows 

1.  Simpson,  Helm  and  Kury  reported^ their  studies  of 
shocked  HMX/water  mixtures  as  compared  to  shocked  solvent-pressed 
KMX.  Below  6.0  GPa  they  observed  no  reaction  in  the  HMX/water 
mi:xtures,  but  in  the  solvent  pressed  HMX  experiments  about  3  to 
of  the  HMX  appears  to  have  reacted  at  or  near  the  shock  front  to 
accelerate  the  shock.  They  report,  "The  observed  higher  shock 
velocity  in  the  solvent -pressed  data  we  attribute  to  a  reaction- 
supported  shock  front." 

2.  Calculations  of  "atomic  mechanics"  by  John  Gilman^ have 
shown  mechanical  scission  of  covalent  bonds  by  the  impact  and  com¬ 
pression  forces  in  a  shock  front. 

3.  Experimental  studies  of  shocked  crystal  lattices  by 


72 


11 


C.S.  Coffey^®^  have  shown  massive  mechanical  bond  fracture  through 
shear  from  the  shock  forces. 

4.  The  results  of  reaction  dynamics  studies^  of  a  system 
in  which  a  van  der  Waals  molecule,  IH***OCO,  undergoes  UV  photol¬ 
ysis  which  accelerates  the  H  atom  to  about  20  km/s  toward  the  OCO 
molecule,  thus  forming  the  transient  state,  TS,  show  the  appear¬ 
ance  of  an  OH  signal  in  about  5  to  15  ps  after  the  deconvolution 
of  the  TS.  In  another  experiment  involving  the  decomposition  of 
ICN,  it  was  reported^ that  the  TS  has  a  lifetime  of  about  200  fs 
and  a  translational  velocity  of  about  2  km/s.  This  shows  that  the 
TS  exists  for  about  4  vibrations  of  the  IC-N  bond,  and  that  the 
ICN  molecule  rotates  only  about  7°  during  this  period.  The  energy 
reported  to  be  available  for  this  reaction  is  about  0.8?  ev  or 
near  7000  cm~^ .  It  is  instructive  to  note  the  similarities  in 
the  physical  and  chemical  factors  in  detonation  and  RD.  The 
translational  velocities  of  the  atoms  and  radicals  are  in  the 
km/s  range,  with  the  H  atoms  moving  from  perhaps  10  to  20  km/s, 
and  the  I**'CN  transient  moving  at  2  km/s,  almost  exactly  covering 
the  range  seen  for  the  vibrational  velocities  of  the  H-H  couples 
and  the  C-C  couples,  as  calculated  by  the  H-H  functions  and  in 
the  MD  calculations.  There  appear  to  be  many  fundamental  corre¬ 
lations  in  these  two  chemical  physical  regimes. 

5.  Sharma  et  al.  reported^ studies  of  initiation  sites 
found  in  TATE  ( triamino trinitro  benzene)  shocked  to  near  initia¬ 
tion  levels.  They  showed  by  xray  photoelectron  spectroscopy  (XPS) 
that  deposits  of  acetone-soluble  reaction  products  were  furoxan 
and  furazan  derivatives  of  TATE.  Their  analyses  suggested  that 
the  furoxan  product  could  react  with  an  adjacent  TATE  molecule 

in  an  exothermic  chain  reaction  to  give  a  water  molecule  and  a 
new  furoxan.  Thus,  the  shock- formed  furoxan  could  immediately 
provide  energy  near  the  shock  front.  Sharma  suggested  that  this 
reaction  could  be  involved  in  the  initiation  of  TNT  as  well. 

(It  is  interesting  to  consider,  as  related  to  the  study  of  the 
HMX/water  mixtures  of  Simpson  et  al.,  that  the  water  formed  in  the 
TATE  reaction  could  be  a  factor  in  the  insensitivity  of  TATE.) 


l. 
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6.  Tanaka  et  al .  provide  a  strong  defense  of  the  new  deto¬ 
nation  theory.  They  report^ that  an  explosive  designated  as 
E25  (75^  PETN/25^  paraffin)  at  a  density  of  1.26$  g/cc  has  a 
measured  D  of  7-230  km/s,  whereas  pure  PETN  (pentaerythri tol 
tetranitrate)  at  the  same  density  has  a  measured  D  of  6.60  km/s. 

Our  calculation  using  shock  velocities  and  the  empirical  formula, 
Eq.  10,  gives  a  value  of  7-267  km/s,  within  0 .  $lfo  of  the  measured 
value.  The  classical  theory  calculation  missed  the  measured 
value  oy  14.24^-- too  low.  The  authors  of  the  paper  stated  that, 
"All  equations-of-state  available  to  us  cannot  reproduce  these 
results."  We  also  calculated  D  values  for  an  RDX/paraffin  (95/5^) 
explosive,  which  reportedly  had  an  anomalous  measured  value  of  D 
that  was  higher  than  for  pure  RDX.  We  calculated  the  D  to  be 
very  close  to  the  measured  value. 

7.  In  1992,  Brenner  and  Robertson  et  al .  published^ ^ 
results  of  their  MD  studies  in  which  they  use  many-body  inter¬ 
atomic  potentials  to  provide  more  realism  in  their  calculations. 
Their  excellent  graphics  show  in  unmistakable  detail  the  narrow 
shock  and  detonation  fronts,  massive  mechanical  bond  scission  and 
rearrangement,  free  atoms  and  molecular  fragments,  and  free-radical 
chemistry  in  and  very  near  the  front.  These  processes  are  non¬ 
equilibrium  and  nonthermal . 


^*(12^  a  private  communication  from  a  paper  soon  to  be  pre¬ 
sented,  James  Aasting  et  al .  report  a  calculation  by  our 

method  using  Eq .  10  of  the  D  of  a  quite  unusual  explosive,  TNT/ 
N2O4  (51/49?^).  They  obtained  a  calculated  value  of  6.637  km/s, 
1.6^  lower  than  the  measured  value  of  6.746  km/s. 


9.  In  one  of  the  first  tests  of  the  predictive  utility  of 
Eq.  10,  I  was  asked  by  Dr.  O.R.  Bergmann,  Manager  Research  Programs 
for  Specialty  Explosives,  of  DuPont  Company,  to  predict  the  D  of 
an  explosive  he  needed  for  a  special  application.  The  composition 
of  this  explosive  was  PETN/NC/ATBC  (63/8/29^),  about  30^  of  inert 
material,  with  a  density  of  1.48  g/cc.  Since  I  had  to  estimate 
■the  Pj^j,  I  may  have  estimated  it  a  little  too  high,  but  I  reported 
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to  Dr.  Bergmann  that  I  expected  the  D  to  fall  in  the  range  of 
7.12  to  7.3^  km/s.  When  he  later  measured  the  Df  he  found  a 
range  ot  6.8  to  7.1  km/s. '^3)  He  told  me  by  phone  that  the  pre¬ 
diction  was  very  good.  The  average  values  differed  by  only  4/, 
but  between  the  ranges  the  difference  was  only  about  0.355. 

10.  In  support  of  our  data  that  show  the  substantial  increase 
in  D  of  NM  with  the  addition  of  0.0555  of  DETA.  recent  work  of 
Presles  and  Desbordes^ shows  that  the  addition  of  0.0855  DETA 
to  NM-aoetone  mixtures  yields  a  decrease  of  8055  in  the  mean  cell 
size  in  the  detonation  front.  Addition  of  O.lf.  DETA  increased 
the  acceptable  dilution  for  detonation  by  35.755,  and  0.0355  DETA 
in  NM  reduced  the  critical  diameter  by  43f».  It  has  been  demon¬ 
strated  in  many  experiments that  very  low  levels  of  amine 
additives  (less  than  0.1^)  have  large  effects  on  detonation  fac- 
tors . 

Each  of  these  ten  modem  studies,  from  different  scientists 
in  different  laboratories,  on  very  different  explosives,  and  with 
different  experimental  systems  and  calculational  algorithms,  gave 
results  almost  precisely  as  we  had  proposed  from  our  theory— and 
in  contradiction  to  expected  classical  results. 

T^elated  Comments 

The  concepts  of  mechanical  bond  scission  and/or  rearrangement 
under  compression  and  immediate  pressure  reduction  on  the  explo¬ 
sives  molecules  are  both  illustrated  in  the  MD  studies.  Since  the 
original  bonds  are  gone,  it  is  a  somewhat  semantic  argument  as  to 
what  bond  scission  describes. 

The  MD  calculations  also  show  the  effects  on  shock  sensiti¬ 
vity  observed  on  a  macro-scale  in  explosives  of  defects  such  as 
cracks,  voids,  inclusions,  and  lattice  irregularities  or  damage, 
all  of  which  increase  sensitivity  to  shock  initiation.  More  severe 
and  higher  numbers  of  immediate  (about  10  to  10  s)  bond. frac¬ 
tures  are  seen  in  the  initiation  calculations  at  sights  of  the 
imperfections . 
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We  stated  in  our  early  papers  that  bond  breaking  is  an 
endothermic  process •  That  is  the  reason  we  added  chemical  energy 
after  the  bond  scission,  at  the  reaction  coordinates,  to  represent 
the  chemical  energy  immediately  available  from  the  very  rapid 
free-radical  reactions.  We  have  shown  this  chemical  energy  re¬ 
lease  rate  in  TATB,  with  a  40 -angstrom  detonation  front  width, 
to  be  almost  24  ev/ps . 

CONCLUSIONS 

We  conclude  that  there  is  a  new  type  of  kinetics,  physical 
kinetics,  in  initiation,  detonation  and  other  shock-induced  reac¬ 
tion,  and  that  there  is  a  new  detonation  theory. 

The  Simplicity  of  Detonation 

1.  Thermodynamics  and  molecular  structure  determine  whether 
or  not  a  material  will  detonate,  due  mainly  to  rapid  and  volumin¬ 
ous  gas  formation  from  principally  free-radical  chemistry.  The 
equation  of  Kamlet  and  Jacobs  for  calculating  detonation  pressure 
indicates  the  importance  of  gas  formation.  However,  the  thermo¬ 
dynamic  factors  are  second-order  effects  in  determining  detonation 
velocities . 

2.  The  kinetic  energy  of  the  shock  or  detonation  waves  is 
carried  at  the  ARVVs  by  momentum  transfer  through  the  vibratory 
motion  of  the  atoms,  and  this  energy  flux  in  the  detonation  front 
is  higher  than  the  covalent  bond  strengths.  This  leads  to  massive 
bond  scission  or  rearrangement.  This  process  we  have  designated 
as  physical  kinetics. 

3-  Since  the  explosives  molecules  are  broken  up  nearly  com- 
pletely,  there  is  immediate  (10‘^^  to  reaction  to  release 

the  major  part  of  the  chemical  energy  at  or  very  near  the  front, 
and  this  chemical  energy  maintains  the  enormous  kinetic  energy 
of  the  front. 

4.  The  ultimate  determinant  of  the  detonation  velocity  is  the 
limiting  ARVVs  of  the  atomic  couples,  radicals  or  fragments  from 
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Experimental  Phenomenon  of  Detonation  Propagating 
Along  a  Curved  Small  Charge 

Feng  Changgen,  Wang  Shushan,  Jiao  ^ngpe,  Chen  Lang 
Mechanics  &  Engineering  Department 
Beijing  Institute  of  Technology 
P,0,  Box  327,  Beijing  100081,  China 

&  Huan  Shi 

Department  of  Applied  Physics, 

Changsha  Institute  of  Technology 
Changsha  410073,  China 

Abstract 

This  paper  is  concerned  with  the  experimental 
investigation  of  detonation  prop&gatioa.  Attention  was  focused 
on  the  velocity  defimts  of  detonation  in  a  curved  charge  in 
respect  to  a  linear  one. The  charge  size  was  about  a=0.8mm-2.5EDin, 
where  a  is  the  size  of  the  erose-section  of  the  path  of 
detonation.  The  relationahips  and  their  expeanmental 
farmulations  between,  the  detonation  vdocaty  deficits  and  the 
charge  size  a  or  the  charge  curvature  R  were  obtained 
respectively.  The  experiment  showed  that  for  some  fixed  sizes 
the  detonation  is  prohibited  in  a  curved  charge  wliose 
curvetuTB  R  is  more  than  certain  critical  values.  However  for 
the  same  size  a  the  detonation  propagates  steadily  along  linear 
charge- 
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Ein  fiir  Sprengkammern  geeigneter  okologischer 
Sprengstoff  fiir  Explosivschweifien 

Dipl.  Ing.  Ale§  Vojtech,  CSc. 

Lehrstuhl  fur  Theorie  und  Technologic  der  Explosivstoffe 
Universitat  Pardubice,  Tchechische  Repubtik 


Abstract 

A  new  agent  for  explosive  welding  was  found  which  features  are: 
no  solid  residues  after  detonation,  the  detonation  products  contain  largely 
vapoured  water  and  carbon  dioxyde  (the  explosive  is  environmental 
friendly)  and  using  of  the  explosive  brings,  thanks  its  composition, 
minimum  hygienical  risks.  The  mentioned  features  make  the  explosive 
suitable  for  using  in  blasting  chambers. 


Zusammenfassung 

Ein  neuer  Sprengstoff  fur  Explosivschweifien  wurde  entwickelt,  der 
dadurch  gekennzeichnet  ist,  daft  er  keine  festen  Reste  nach  der  Detonation 
hinterlaftt.  Die  Detonationsprodukte  enthalten  vorwiegend  Wasserdampf 
und  Kohldioxid,  sodaft  die  Umwelt  nicht  belastigt  wird.  Bei  der  Arbeit  mit 
dem  Sprenfstoff  entsteht  durch  seine  Zusammensetzung  minimales  Ge- 
sundheitsrisiko,  Diese  Eigenschaften  bestimmen  den  Sprengstoff  besonders 
fur  Arbeit  in  Sprengkammern. 


1,  Einleitung _ 

Bearbeitung  von  Materialien  durch  Energie  der  Explosion  ist  ein  Ver- 
fahren,  das  immer  ofter  in  der  Praxis  ausgenutzt  wird.  Im  Falle  des 
Sprengschweiftens  oder  Sprenghartens  muftt  es  sich  zwar  nicht  um  gi'ofte 
Ladungen  handeln,  aber  diese  in  der  offenen  Luft  detonierenden  Ladungen 
belastigen  die  Umwelt  durch  harm  und  es  ist  immer  komplizierter  in  den 
Bedingungen  der  bevdlkerten  Europa  einen  Platz  fur  solches  Verfahren  zu 
finden. 

So  ist  es  giinstig,  die  Detonation  in  eine  Sprengkammer  zu 
schlieften.  Im  Falle  des  Sprengplakierens  braucht  man  einen  Sprengstoff, 
dessen  Detonationsgeschwindigkeit  kleiner  ist,  als  die  Schall-  geschwindig- 
keiten  in  den  beiden  zu  schweiftenden  Materialien.  Um  dies  zu  erzielen, 
werden  Mischungen  gemacht,  in  denen  die  brizanten  Sprengstoffe  mit  in- 
erten  Substanzen  gelost  werden.  Reste  dieser  Inerten  verbleiben  jedoch  auf 
dem  Arbeitsplatz.  Falls  solche  Mischungen  in  Sprengkammern  benutzt 
werden,  folgt  nach  einigen  Schuften  Verstopfung  von  Liiftungsoffnungen. 


Unser  Arbeitsplatz  ist  mit  einer  Sprengkammer  KVE-2  (Abb.  1.)  aus- 
geriistet.  Die  Kammer  ist  fiir  eine  maximale  Ladung  von  2  kg  von  TNT  bes- 
timmt.  Beim  Schweifien  mit  dem  bei  uns  dafiir  iiblichen  Sprengstoff 
SEMTEX  S  25,  der  eine  Mischung  von  Pentaerythrit  und  Natriumbicarbonat 
als  Inert  darstellt,  setzten  sich  die  Reste  des  Natriumbicarbonates  uberall  in 
der  Kammer,  sodaE  wurde  bald  die  Ausspulung  von  Detonationsschwaden 
fast  unmoglich. 


Abb.  1.  Die  Sprengkammer  ICVE-2 


Aus  diesem  Grund  haben  wir  einen  Sprengstoff  gesucht,  der  : 
bereits  in  einer  Schicht  von  10  mm  detonieren  kann,  damit  auch 
diinne  Schichten  plakiert  werden  konnten 

seine  Detonationsgeschwindigkeit  auch  in  gi’often  Schichten  unter 
der  Grenze  von  3000  m/s  liegt, 
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3)  nach  der  Detonation  sollten  keine  festen  Reste  bleiben, 

4)  die  Detonationsprodukten  sollten  vorwiegend  Wasserdampf  und 
Kohldioxid  behalten, 

5)  die  Oberflache  des  plakierten  Matriales  sollte  nicht  beschadigt 
werden. 

6)  einfache  Arbeit  mit  dem  Sprengstoff,  minimales  Gesundheitsriziko 


Abb.  2.  :  Abhangigkeit  der  Detonationsgeschwindigkeit  von  der  Schichte 
des  Sprengstoffes  CALP  10 

Einen  solchen  Sprengstoff  haben  wir  auf  der  Basis  von  Pentrit  und 
Amoniumnitrat  gefunden  und  gepriift.  Er  ist  bereits  in  der  Schicht  von  10 
mm  detinationsfahig,  die  Sauerstoffbillanz  ist  Null,  keine  festen  Reste,  die 
feinkornige  Struktur  sichert,  daft  die  Oberflache  des  zu  schwieftenden  Ma- 
teriales  nicht  beschadigt  wird.  Alle  sechs  Punkte  werden  also  durch  diesen 
Sprengstoff  erfullt,  das  heiftt,  es  handelt  sich  um  einen  okologischen 
Sprengstoff,  der  besonders  fiir  Arbeit  in  Sprengkammern  geeignet  ist.  Er 
wird  als  CALP  10  bezeichnet  durch  die  Explosia  Pardubice  A.G.  hergestellt. 


3.  Die  Teste _ _ 

Die  Detonationsgeschwindigkeiten  wurden  an  Proben  gemessen, 
deren  Grundrift  250  mal  100  mm  war.  Die  konstante  Schichtdicke  wurde 
durch  einen  Holzrahmen  gesichert,  dessen  Hohe  der  Schichtdicke  gleich 
war.  Der  Rahmen  wurde  zum  Blechboden  befestigt,  sodaft  ein  Kastchen 
entstanden  ist.  Die  notwendige  Mange  des  Sprengstoffes  wurde  je  der 
Schichtdicke  im  Voraus  abgewogen  und  in  das  Kastchen  plaziert,  sodaft  die 
Sprengstoffschiittdichte  bei  alien  Proben  1  g/cm^  war. 


Die  Detonationsgeschwindigkeit  wurde  mittels  zwei  Paare  elek- 
trischer  Kontakte  auf  der  Basis  100  mm  gemessen.  Die  MeBbasis  wurde  150 
mm  von  der  Ziindungstelle  entfernt,  damit  sich  die  Detonationsgeschwin- 
digkeit  stabilisieren  konnte.  Die  quasi-lineare  Detonationsfront  wurde 
durch  eine  bandformige  Ubertragungsladung  vom  hochbrisanten  SEMTEX 
lA  Sprengstoff  gesichert. 

Die  Abhangigkeit  der  Detonationsgeschwindigkeit  von  der  Schicht- 
dicke  zeigt  die  Abbildung  2. 


Abbildung  3  :  Die  furs  Detonationsgeschwindigkeit-  und 

Flugplatteneigungswinkelmessen  benutzte  Zusammensetzung 

Gleichzeitig  mit  der  Detonationsgeschwindigkeit  wurde  auch  der 
Flugplatteneigungswinkel  gemessen,  der  eine  wichtige  Information  fiir  den 
Prozeft  des  Explosivschweifiens  darstellt.  Zusammensetzung  des  Exper- 
imentes,  die  aus  /!/  entnommen  wurde,  zeigt  die  Abbildung  5. 

Die  Basis  der  Zusammensetzung  bildete  eine  Plexiglas platte  200  mal 
50  mm  groB  (1),  an  deren  Enden  sich  50  mm  breite  Stiitzen  (2)  befanden. 
Die  Hohe  dieser  Stiitzen  war  von  dem  Linealwinkel  (der  cp  -  Winkel) 
abhangig.  Im  Falle  des  oftestens  benutzten  (p  -  Winkels  45°  war  es  102  mm. 
Auf  den  Stiitzen  lagen  die  Blechplatte  (7)  und  der  Holzrahmen  mit  Spreng¬ 
stoff  (6).  Die  beiden  Seiten  des  Holzrahmens  warden  mit  Offnungen  (8)  fiir 
elektrische  Kontakte  versorgt,  mit  denen  die  Detonationsgeschwindigkeit 
gemessen  wurde.  Material  der  Blechplatten  war  Stahl,  Kupger  oder  Messing. 
Den  wichtigsten  Teil  der  Zusammenseztzung  bildete  das  Lineal  (3),  mit  re- 
gelmabig  aufgewundenem  Widerstandsdraht.  Nach  der  Explosion  wurde 
der  Widerstandsdraht  stufenweise,  nach  einzelnen  Winden,  durch  die  flie- 
gende  Blechplatte  kurzgeschlossen,  was  eine  Anderung  in  Stromspannung 
verursachte,  die  durch  ein  Oszillograph  registriert  wurde.  Die  Schrauben  (4) 
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und  (5)  verbanden  die  Zusammensetzung  mit  der  Batterienstromversor- 
gung  und  Meftgerat.  In  der  Abbildung  4  sind  sie  durch  Punkte  A  und  B 
dargestellt. 


A 


B 


Abbildung  4  :  Elektrisches  Schema  des  Flugplatteneigungswinkelmessens 


In  der  Abbildung  4  kann  man  sehen,  dafi  der  auf  dem  Lineal  aufge- 
wundene  Widerstandsdraht  mit  dem  Widerstand  R  einen  Spannungsteiler 
bilden,  sodaft  der  Fortschreitende  Kurzschlufi  auf  dem  Lineal  als  eine  Span- 
nungsanderung  abgelesen  werden  kann.  Eine  typische  oszillographische 
Aufnahme  zeigt  die  Abbildung  5. 


Abbildung  5  :  Eine  oszillographische  Aufnahme  des  fortschreitenden 
Kurzschluftes  auf  dem  Lineal 


Verhaltnis  der  Sprengstoff-  und  Flugplattegewichten 


Abbildung  6  :  Abhangigkeit  des  Flugplatteneigungswinkels  von  dem 
Verh^tnis  der  Sprengstoff-  und  Flugplattegewichten 


Die  Zeitdifferenzen  konnen  dann  bei  der  bekannten  Geometrie  und 
Detonationsgeschwindigkeit  als  Unterlage  fur  die  Blechplatteneigungswin- 
kelberechnung  dienen,  und  zwar  nach  der  Formel 


a 


arctan 


AJ.sintp 

D.A'c+Al.cos<p 


In  der  Formel  heiBt  A1  den  Abstand  der  einzelnen  Widerstands- 
drahtwinden  auf  dem  Lineal,  D  die  Detonationsgeschwindigkeit,  (p  der  Win- 
kel  des  Lineales  und  Ax  die  vom  Oszillograph  abgelesene  Zeitdifferenz. 

Die  Abhangigkeit  des  Neigungswinkels  von  dem  Verhaltnis  der 
Sprengstoff-  und  Blechplattegewichten  zeigt  die  Abbildung  6. 


4,  Literatur _ 

/!/  -  Kuzmin,  Maly,  Paj  -  O  metanii  ploskich  plastin  slojami  kon- 
densirovannych  w,  Fizika  vzryva  1975 


PRESSBAREN  NITROZELLULOSEGRANULATS 

Tomas  Dosoudil 

Uni  V  e  r  s  i  tat 

FChT  -  KTTV,  6s.legii  565,  532  10  PARDUBICE 
Tschechische  Republik 


Abstract 

The  modified  nitrocellulose  granulat  has  been  prepared  in 
laboratory  scale.  The  granulat  is  pressable  into  a  suitable  shape 
for  the  caseless  propellant  elements.  The  pressing  proceeds  in 
dry  state  by  increased  temperature.  The  pressed  compact  elements 
have  been  tested  from  the  pyrostatic  and  funktional  point  of 
view.  It  has  been  verified,  that  this  nitrocellulose  composition, 
on  principle  way,  is  able  to  perform  the  funktion  as  propellant 
mass  in  caseless  and  semicaseless  systems. 


Zusammenf assung 


Labormasstab 


modif izierter 


Nitrozellulosegranulat  zubereitet,  der  im  trockenen  Zustand  und 
bei  erhdhter  Temperatur  pressbar  ist,  in  die  Form,  die  fur 
hiilsenlose  Treibelemente  erforderlich  ist.  Die  ausgepresste 
Elemente  wurden  den  pyrostatischen  Testen  und  Funktionspriifungen 
bei  verschiedenen  Applikationen  unterzogen. 

Es  wurde  beglaubigt,  dass  die  auf  diesem  System  basierte 
Nitrozellulosekomposition  prinzipiell  die  Funktion  der  Treibmasse 
erfiillen  kann. 
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1.0  Ziel  der  Arbeit 

Im  Labormasstab  wurde  eine  Moglichkeit  beglaubigt,  den  auf 
der  Nitrozellulose  basierten  pressbaren  Granulat  zu  zubereiten, 
der  fiir  das  Pressen  der  hiilsenlosen  Treibelementen  verwendbar 
ware. 

Die  Treibmasse  verschiedener  Energiestufen  wurde  pyrostatisch 
testiert,  sowie  die  ausgepresste  Elemente  wurden  den 
Funktionspriifungen  in  den  hiilsenlosen  Oder  halbverbrennbaren 
Treibsystemen  unterzogen. 

In  dieser  Anfangsetappe  war  der  Priifungenbereich  ziemlich 
beschrankt,  mit  Riicksicht  auf  die  erste  jetzige  Aufgabe,  die 
Einfiihrungskentnisse  der  verfolgten  Problematik  festzulegen. 
Weiter  ist  es  mit  griindlichen  Untersuchung  der  einzelnen  Fragen 
zu  rechnen. 


2.0  Pr inzip  und  Ergebnisse  der  Zubereitung  und  Verarbeitung 
des  Granulats 

2 . 1  Granulatzubereitunq 

Die  Experimente  wurden  in  einem  Glassreaktor  mit  Umfang  4  L 
durchgefiihrt.  Der  Reaktor  wurde  mit  einer  Riihranlage  mit 
einstellbarer  Drehzahl ,  sowie  mit  einem  Destillationskiihler 
versehen . 

Das  Verfahren  ist  durch  griindliche  Anderungen  von  der 
Kugelpulvertechnologie  abgeleitet,  und  besteht  im  Mischen  des 
heterogenen  dreiphasigen  Systems,  wo  die  Phasen  wie  folgt 
dargesetellt  sind; 

a/  Wasserlosung  des  Tensides, 

b/  Nitrozellulose, 

c/  Losung  des  synthetischen  thermoplastichen  Kopolymers  im 
fliichtigen  Losungsmittelsystem. 

Die  Phasen  b/  und  c/  mischen  sich  zusammen  und  infolge  des 
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Riihrens  und  der  Tensidwirkung  zerfallt  sich  diese  Mischung  in 
diskrete  "Lacktropfen"  in  der  Wasserumwelt.  Aus  den  Tropfen, 
durch  Abdestillieren  des  Losungsmittelsystems  aus  dem  Reaktor, 
entsteht  ein  annahernd  kugelformiges  Korn  mit  Durchmesser  cca 
1-3  ram,.  Das  Produkt  ist  dann  abfiltriert,  durchgewaschen  und 
ausgetrocknet . 


2 . 2  Treibeleraente 


Der  Granulat  wurde  in  4  Typen  der  Pressformen  gefiillt  und  bei 
Temperatur  110°C  mit  Druck  50  MPa  gepresst,  urn  kompakte  Test  - 
bzw.  Treibeleraente  zu  gewinnen. 

Infolge  der  Preparationsbedingungen  ist  in  der 
Granulatstruktur,  sowie  in  der  Struktur  der  ausgepressten 
Elemente,  die  urspriingliche  Fadenform  der  Nitrozellulose  in 
grosser  Stufe  erhalten. 

Energie  (als  Explosionswarme  gemessen)  und  mechanische 
Eigenschaften  der  Elemente  sind  durch  Variieren  des 
Stickstoffgehalts  in  Nitrozellulose  und  des  Gehalts  an  Kopolymer 
in  der  Treibmasse  einzustellen. 

Gefertigte  Elemente: 

a/  Testelemente  fiir  pyrostatische  Prufungen  in  raanometrischer 
Bombe. 

b/  Treibeleraente,  die  in  der  Messinghiilse  9  mm  Luger 
eingelegt  wurden,  um  einen  Wirkungsvergleich  mit  dem  hier  viblich 
verwendeten  Pulver  zu  gewinnen. 

c/  Treibeleraente,  die  einen  Bestandteil  der 
Entwicklungsvariante  der  halbverbrennbaren  Jagdladung  .223  Rein 
darstellten. 

d/  Treibeleraente  als  hvilsenlose  Ladung  fiir 
Entwicklungsvariante  des  Schlagbolzengerates  fiir  Bauindustrie . 


* 

I 

► 


K 

i 


Alle 


Sorten  der 


Elemente  wurden 


in  die  Zylinderform 
gestaltet,  mit  einem  zentralen  Zylinderkanal  (siehe  Tab.l). 


Tabelle  1: 


Elementsorte 

SL  / 

cz  / 

ci/ 

D  (mm) 

9,0 

8,5 

9,8 

** 

d  (mm) 

3,0 

4,0 

5,7 

** 

H  (mm) 

12,0 

6,5 

** 

** 

<3  (g)  , 

0,90 

0,40 

1,5 

0,25 

9  (kg.m-3) 

1350 

1394 

*  ★ 

"k  k 

Q  (kJ.m"-^) 

*2481-4224 

** 

*2620-3111 

4224 

Notizen: 

-  D  -  Elementsdurchschnitt ,  d  -  Innenkanaldurchschnitt , 

-  H  -  Elementhohe,  G  -  Gewicht,  -  Dichte,  Q  -  Explosionswarme . 
*  -  Explosionswaritiebereich  nach  der  Zusammensetzung. 

**  -  Einige  Angaben  werden  nicht  angefiihrt. 


3 . 0  Pyrostatische  Priif ungen 
3 . 1  Anordnunq  der  Experimente 

Die  Treibmasse  wurde  in  der  manometrischen  ( "ballistischen" ) 
Bombe  gepriift,  und  zwar  als  Granulat  (vor  dem  Pressen)  ,  sowie  als 
Elemente  der  Kategorie  a/  (nach  dem  Pressen). 

Charakterlstik  der  Testelemente 
Kopolymergehalt : 

Stickstoffgehalt  in  Nitrozellulose : 

Gewicht: 

Gemessene  und  ausgerechnete  Grossen: 
t  -  Zeit,  P  -  Druck,  ^’max  ”  Gemessener  Maximaldruck , 

Jp  “  Impuls,  d.h.  Zeitintegral  des  Druckes. 


im  Bereich  2  -  14  % 
13,22  % 

0,90  g 
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Graphisch  dargestellte  Grossen: 

(Siehe  Abb.l  -  4) 

P  =  f(t),  dP/dt  =  f(P),  r  =  f(P/PT^s,y^)  . 

Fvir  r  -  Funktion  (Emission  Funktion,  "Vivacity")  gilt 
ursprvinglich: 

T  =  dy  /  dip  =  d'y/  (Pdt),  wobei  ist  relativ  abgebrannte 
Pulvermenge . 


3 . 2  Diaaramms 

Der  Verlauf  der  obig  genannten  Grossen  wurde  beim  Gehalt  an 
Kopolymer  im  Bereich  2  -  14  %  ermittelt.  Als  Illustration  sind 
weiter  nur  die  Diagrainms  fiir  10  %  angefiihrt  (Abb.  1  -  3),  und 
dann  ein  Vergleich  fur  die  funktion  F  =  f(P/Pinax^  ganzen 
Bereich  (Abb.4). 


4 . 0  Funktionspriif  ungen 

4.1  Treibelemente  in  der  Messinghiilse  9  mm  Luger  (Para) 

Die  beste  Ergebnisse  wurden  mit  den  Elementen  der  Kategorie 
b/  unter  den  folgenden  Bedingungen  erreicht. 


Charakteristik  der  Treibelemente: 
Kopolymergehalt : 

Stickstoff gehalt  in  Nitrocellulose: 
Gewicht : 


10  % 
13,22  % 
0,40  g 


Anzundhiitchen: 


Boxer 


Anziindvers  tarkung: 
Anziindsatz : 

Menge : 


nicht  angefiihrt 
0,07  g 
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Gemessene  Grossen: 

Geschossgeschwindigkeit  ^X2,5  •  Maximaldruck 

Ausgerechnete  Grossen: 

Mittelwerte  Vwn  o  c 

''M12,5  '^Mmax 

Mittelwerte  im  prozentuellen  Vergleich  init  den  entsprechenden 
Werten  nach  den  normalen  ballistischen  Forderungen 

^PM12,5  PpMmax 

Schussanzahl:  10 

Erqebnisse:  ^VVLl.2,5  =  107,0  %  Pp^^^  =  91,4  % 


4.2  Halbverbrennbare  Jaqdladuna  .223  Remington 

Von  grosserer  Menge  der  Experimente  mit  den  Elementen  der 
Kategorie  c/  ist  weiter  nur  eine  Rahmenubersicht  angefiihrt  (siehe 
Tab.2) . 


Charakteristik  der  Treibelemente: 
Kopolyroergehalt ; 

Stickstof fgehalt  in  Nitrozellulose : 
Gewicht : 


10  -  14  % 

11,55  -  13,22  % 
1,5  g 


Anziindhutchen: 


Boxer 


Anziind  vers  tarkung: 

Anziindsatz : 

Menge : 

Gemessene  Grossen: 
Geschossgeschwindigkeit: 

Druck:  Nicht  geinessen,  nur  nach 


nicht  angefiihrt 
0  -  0,08  g 


^2 

der  eventuellen  Deformation  des 
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Anziindhiitchens  Oder  der  Hiilse  beurteilt. 


Ercrebnisse  -  Rahmeniibersicht 


Tabs lie  2: 


V2  (m.s 

Druck 

Nicht  verbrannte  Reste 

778  -  979 

erhoht 

0 

662  -  811 

normal 

0 

610  -  650 

nieder 

sichtbar 

4.3  Treibelemente  fiir  Schlaabolzenqerat 
(Elemente  der  Kategorie  d/) 

Charakteristik  der  Treibelemente: 
Kopolymergehalt:  2  -  14  % 

Stickstoffgehalt  in  Nitrozellulose:  13,22  % 

Gewicht:  0,25  g 

Ini  ti  i  erung: 

Anziindsatz  ohne  Metallanziindhuttchen. 


Gemessene  Grossen: 

Druck:  Maximaldruck  in  der  Brennkammer 
Daneben  wurde  die  Funktion  des  Cerates 
der  5  inin  dicke  Stahlplatte. 

Ausgerechnete  Grossen: 

Mittelwert 

Massgebende  Abweichung 
Variationskoef itient 


p 

^max 

iiberpriift,  als  Durchschlag 


^Mitiax 

s 


I'v  =  (s  /  PMmax)-100 


Eraebnisse: 

Die  beste  Ergebnisse  sind  in  Tab.  3  angefiihrt. 

Tabelle  3: 


Q 

(kJ.kg"^) 

GSK 

(%) 

n 

(1) 

^Mmax 

(MPa) 

s 

(MPa) 

(%) 

Funktion 

4224 

2 

10 

215,5 

03 

O 

8,4 

perfekt 

Notizen: 

Q  -  Explosionswarme ,  n  -  Schussanzahl , 
GSK  -  Gehalt  an  synthetischen  Kopolymer. 


5.0  Schlussfolgerxmg 

Aus  den  bisher  erfahrenen  Kentnissen  ergibt  es  sich,  dass  die 
gepriifte  Nitrozellulosekomposition  im  Stande  ist,  die  Funktion 
der  Treibmasse  prinzipiell  zu  erfiillen. 

Die  Applikation  dieser  Masse  kennzeichnet  sich  durch  das 
Pressen  des  modif izierten  Nitrozellulosegranulats  in  der  fiir  ein 
Treibelement  erf orderlichen  Form,  im  trockenen  Zustand  und  bei 
erhdhter  Temperatur. 

Fiir  die  weitere  Entwicklung  dieser  Losung  rechnet  es  sich  mit 
der  Fortsetzung  der  Arbeit,  sowie  mit  den  Priif ungen  von  Grdsserer 
Anzahl  und  breiterem  Bereich. 


Granulat 

Element 

Element 


iopoljTnergehalt  10  , 


Kopolymergehalt  10  % 


Gama  (I/iPa*' 
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Abstract 

Solid  propellant  motor  impact  tests  have  been  conducted  to  establish  a 
safety  criteria  for  launch  sites  in  Japan.  These  tests  assumed  that  launch 
vehicles  with  solid  motor  falling  back  to  the  ground  would  be  the  accident 
mode  having  the  highest  hazard  potential. 

In  this  test,  six  solid  motors  loaded  with  propellant  of  10  to  3600kg  in 
weight  were  impacted  against  a  massive  concrete  target  at  the  velocities 
of  50  to  200m/s. 

Two  important  facts  were  revealed  by  the  test  results.  First,  the  TNT 
equivalent  yield  of  the  blast  wave  caused  by  the  impact  of  a  solid  motor 
depends  largely  on  the  impact  speed.  Second,  the  maximum  scattering  distance 
of  propellant  fragments  depends  on  the  size  of  solid  motor  rather  than  the 
impact  speed.  In  addition,  the  fragment  scattering  distance  depends  on  the 
fragment  size.  These  relations  were  analytically  investigated  and  a  simple 
prediction  model  was  derived. 

The  impact  numerical  simulation  analysis  were  conducted  for  estimating  the 
failure  mode  of  impacted  motors.  The  results  of  computer  simulations  showed 
generally  agreement  with  the  test  results,  thereby  confirming  the  validity 
of  the  simulation  model. 

1.  Introduction 

In  order  to  establish  a  safty  criteria  for  launch  sites  of  large  rocket 
motors,  it  is  important  to  obtain  information  relating  to  the  hazard 
potential  of  the  solid  motor.  One  of  the  accident  mode  having  highest  hazard 
potential  is  a  fail-back  condition  from  an  altitude  with  impact  on  a  ground 
surface. 


In  relation  to  the  impact  of  solid  motor,  the  impact  test  of  TITAN-IH 
booster  stage  solid  motor  conducted  by  NOTS^'Ms  famous.  This  test  was 
carried  out  under  a  limited  condition  at  the  impact  velocity  of  2  00ni/s. 

We  have  conducted  the  impact  test  using  various  size  solid  motors  to  obtain 
the  fundmental  data  concerning  the  scale  effects  of  solid  motor. 

The  blast  waves  and  the  scattering  distribution  of  propellant  fragments 
were  mainly  measured  in  these  tests.  In  addition,  the  impact  numerical 
simulation  analysis  were  also  carried  out  to  estimate  the  failure  mode  of 
impacted  motors.  This  report  describes  these  results. 

2.  Test  Procedures 

The  impact  tests  were  conducted  since  1991  to  1993.  Solid  propellant 
motors  used  in  these  tests  and  test  conditions  is  shown  in  Table  1.  Six 
solid  motors  were  tested.  The  motors  of  test  No.  1~5  were  loaded  with  HTPB 
based  propellant,  and  the  test  No.  6  motor  were  loaded  with  CTPB  based 
propellant.  The  formulation  of  these  propellants  were  shown  also  in  Table  1. 
The  test  motor  vehicle  configuration  of  test  No.  5  is  shown  in  Fig. 1  as  a 
typical  example. 

Test  motor  vehicles  were  accelerated  by  their  own  thrust  on  a  rail  track 
fastened  to  the  railroad  ties  on  the  ground,  and  were  impacted  with  a 
certain  velocity  against  a  concrete  target.  The  outline  of  test  procedure 
is  shown  in  Fig.  2.  The  target  was  constructed  of  reinforced  concrete  walls 
and  massive  earth  fill.  The  reinforced  concrete  target  blocks  were  exchanged 
in  every  test  for  supplying  a  flat  surface  at  impact.  The  impact  velocity 
of  test  motor  vehicles  was  measured  by  optical  sensor  installed  on  the  rail 
end  at  the  target  side.  As  the  reference,  TNT  of  l~1.5kg  were  also  exploded 
in  near  of  the  target  front  to  evaluate  TNT  equivalent  yields  at  impact  and 
to  examine  the  effects  of  the  target  configuration  on  the  traveling  of  the 
blast  waves.  In  a  series  of  these  tests,  the  pressure  sensors  for  measuring 
the  blast  wave  overpressure  were  located  in  two  directions.  45deg. , and  90deg 
from  the  rail  track.  The  tests  were  optically  monitored  and  recorded  by  the 
high  speed  camera  and  VTR. 

3.  Resuts  and  Discussion 
3, 1  Impact  Veloci  ty 

The  measured  impact  velocities  of  the  motor  vehicles  were  shown  in  Table  2, 
The  errors  to  the  expected  impact  velocities  were  not  exceeding  10%  for  all 
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test  motor  vehicles. 

3.  2  Measurements  of  Blast  Wave 

Fig. 3  shows  the  overpressure  -time  histories  measured  at  location  of  20m 
from  the  target  for  the  No. 5  impact  test.  And  Fig. 4  show  the  ones  at  same 
location  for  1kg  TNT  explosion  test. 

In  these  figures,  the  values  of  peak-overpressure  in  45deg.  direction  were 
generally  higher  than  that  in  90deg.  direction.  Such  directivity  in 
propagation  of  blast  wave  were  observed  in  all  pressure  records  in  a  series 
of  these  tests.  The  numerical  analysis  relating  to  the  propagation  of  blast 
wave  for  TNT  explosion  were  carried  out  to  examine  the  effects  of  the  target 
wall'*’.  As  a  results,  it  was  shown  that  the  higher  blast  pressure  along 
45deg.  direction  was  caused  by  the  shock  refrection  on  the  target  wall,  ffe 
concluded  that  the  directivity  of  blast  wave  observed  in  these  solid  motor 
impacts  were  caused  by  the  effect  of  reflection  from  the  target  wall. 

The  structures  of  blast  wave  observed  in  the  motor  impact  was  complicated  in 
compared  with  that  for  TNT  explosion.  The  blast  wave  structures  with  a 
precursor  peak  and  periodical  peaks  are  recognized  in  Fig.  3.  These  wave 
properties  were  similar  to  the  results  of  all  motor  impact  tests.  The  growth 
mechanism  of  these  wave  structures  is  not  yet  clarified. 

Fig.  5  shows  the  measured  peak-overpressure  in  45deg.  direction  as  a  function 
of  distance.  A  straight  line  in  these  figures  is  a  best  fitted  regression 
line  made  by  the  least  squares  method.  TNT  equivalent  yields  of  impacted 
motors  estimated  from  the  above-mentioned  regression  lines  in  Fig. 5  were 
summarized  in  Table  2  with  that  in  90deg.  direction.  In  Table  2,  a  TNT 
equivalent  ratio  is  defined  as  the  ratio  of  TNT  equivalent  weight  to  the 
residual  propellant  weight  at  impact. 

TNT  equivalent  ratios  are  recognized  to  depend  on  the  impact  velocities 
rather  than  the  motor  vehicle  sizes(or  propellant  gross  weight)  and  to 
become  high  as  the  impact  velocity  increased  from  this  summary.  These 
results  suggest  that  TNT  equivalent  yields  depends  on  the  extent  of  damege 
of  the  propellant  grain  at  impact. 

The  value  of  TNT  equivalent  ratio  in  the  test  No.  6  motor  is  relatively 
higher  than  that  data  in  the  test  No.  3  motor  of  almost  the  same  test 
condition.  This  result  is  estimated  due  to  the  difference  of  used  propellant 
type.  The  propellant  used  in  the  test  No.  6  motor  is  brittle. 

3.3  Scattering  of  Fragment 


The  scattering  distribution  of  fragments  observed  in  the  test  No.  5  motor 
impact  test  is  shown  in  Fig. 6.  In  Fig. 6.  the  scattering  of  fragments  shows 

an  apparent  tendency  of  concentration  in  the  direction  parallel  to  the 

impact  surface  of  the  target,  suggesting  the  directivity  of  the  kinetic 

energy  release  at  the  impact  on  hard  target.  This  tendency  was  similar  in 

all  motor  impacts.  The  most  scattered  materials  was  a  propellant  debris, 
and  many  of  these  debris  attained  far  away  showed  that  they  burned  on  the 
ground  where  it  failed. 

The  maximum  scattering  distance  of  propellant  fragments  observed  in  a  series 
of  these  motor  impact  tests  are  summarized  in  Table  3.  From  Table  3,  the 
maximum  scattering  distance  of  fragments  are  shown  to  strongly  depend  on  the 
motor  size  and  to  extend  range  as  the  motor  size  increased.  The  effects  of 
impact  velocity  on  the  maximum  scattering  distance  is  apparently  poor. 

Fig.  7  shows  the  observed  maximum  scattering  distance  of  fragments  as  a 
function  of  the  propellant  mass  of  impacted  motors.  Ref.  T  s  data  plotted  in 
this  figure.  The  maximum  scattering  distance  of  propellant  fragments 
observed  in  Ref. 1  is  reported  3000  ft(914m).  The  solid  line  in  the  figure  is 
a  best  fitted  line  obtained  mathematically  using  present  data.  The  line 
coveres  well  Ref. 1’ s  data.  Fig. 8  shows  a  relation  between  the  scattering 
distance  and  mass  of  propellant  fragments  obtained  in  the  No. 5  motor  vehicle 
impacts.  The  mass  of  burned  propellant  in  this  figure  was  estimated  from  the 
area  of  the  residue  of  burned  propellant  on  the  ground  where  it  failed. 

The  relation  between  propellant  mass  and  the  area  of  the  residue  was 
obtained  preliminaly  in  present  tests. 

Large  fragments  show  to  reach  far  in  Fig. 8.  The  initial  motion  of  fragment 
is  considered  to  depend  on  a  blast  pressure  of  combustion  gas  ejected  by  the 
distruction  of  motor  case  at  impact. 

To  estimate  the  maximum  scattering  distance  of  propellant  fragment,  the 
results  in  Fig. 8  was  examined  analytically  by  the  following  method. 

The  motion  of  fragment  is  expressed  as 


d^x 

M— ^  =  -  Fd*cos0 
dt*^ 


-  M*g  -  Fd*sin0 


1  M  f/dx 


where.  Fd  :  drag  force.  M  :  mass  of  fragment.  p  :  density  of  air 
6  :  angle  of  velocity  vector,  g  :  acceleration  of  gravity 

drag  coefficient,  D  ;  ballistic  coefficient 
effective  cross  sectional  area  of  fragment 


Cd 

S 
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Eqaation(l)  are  solved  under  the  following  initial  conditions. 


x{0)  =  y(0)  =  0  .  ^  =  Vo*cos0o  .  =  Vo^sin^o 

dt  at 


where.  Vo  :  initial  velocity  of  fragment,  6  o  :  initial  angle 

The  solution  of  Eq.  (1)  show  as  a  solid  line  in  Fig. 8.  where  the  curve  was 
obtained  using  the  following  values. 

(a) .  The  bursting  pressure  was  set  to  be  14  MPa  which  is  the  static 

bursting  pressure  of  motor  case. 

(b) .  The  initial  velocity  of  fragments  was  estimated  from  Ref . 3  using  the 

above-mentioned  bursting  pressure. 

(c) .  The  values  of  ballistic  coefficient  were  determined  by  the  results  of 

Fig.  9  obtained  from  the  recovered  fragments. 

(d) .  Cd  of  1  and  6  o  of  30"  used,  respectively. 

Fig. 8  shows  that  the  caluculated  results  agree  nearly  well  with  the 
experimental  results.  The  present  method  is  considered  to  be  useful  to 
estimate  the  maximum  scattering  distance  of  fragments. 


4.  Impact  numerical  simulation  analysis 

The  impact  simulation  analysis  was  conducted  to  estimate  the  failure 
mode  of  impacted  motors.  The  analytical  code  used  is  2D-axisymmetric  code; 
AUT0DYN-2D.  The  analytical  model  of  the  test  No. 5  motor  vehi cle(impact 
velocity  of  100  m/s)  is  shown  in  Fig. 10  as  a  typical  example.  The  impact 
condition  was  assumed  to  be  a  rigid  impact.  Also, the  initial  pressure  of 
5, 4MPa  is  loaded  into  the  inner  bore  of  propellant  grain  as  a  initial 
loading  condition.  The  material  properties  are  summarizes  in  Table  4. 

Fig. 11  shows  a  deformation  and  destruction-time  histories  of  motor  vehicle 
at  early  time  during  impact  with  that  of  the  experimental  results.  Both  the 
analytical  and  experimental  results,  the  propagation  of  deformation  and 
destruction  caused  by  the  buckling  show  clearly  in  near  the  impact  front  of 
motor  vehicle.  From  these  results. the  numerical  simulation  is  considered  to 
simulate  the  experimental  results  well  quantitatively. 

Fig.  12  summarizes  the  anlytical  results  for  the  test  No.  l-^S  motor  vehicle. 
This  figure  shows  a  weight  fraction  of  failed  propellant  to  the  initial 
propellant  weight  at  the  end  of  motion  as  a  function  of  initial  impact 
velocities.  In  this  results,  the  weight  fraction  of  failed  propellant 
increase  in  proportion  to  the  initial  impact  velocities,  and  not  depends  on 
the  motor  vehicle  size,  apparently.  Under  the  impact  condition  of  200m/s. 
the  propellant  grain  estimated  to  destructe  perfectly. 


76 


5.  Conclusion 

Solid  propellant  impact  tests  were  conducted  to  establish  a  safety 
criteria  for  launch  sites.  Six  solid  motors  loaded  with  propellant  of  10 
to  3600kg  in  weight  were  impacted  against  a  massive  concrete  target  at  the 
velocities  of  50  to  200m/s.  Hear  are  the  summary  of  this  study. 

(1) .  TNT  equivalent  yield  of  the  blast  wave  caused  by  the  impact  of  a  solid 
motor  was  appeared  to  depend  on  the  impact  velocity  rather  than  the 
motor  vehicle  size  and  to  become  high  with  the  impact  velocity  increased. 
TNT  equivalent  yeilds  of  HTPB  based  solid  propellant  motor  were  estimated 
about  0.1%  at  the  impact  condition  of  50m/s.  about  2%  at  lOOm/s  and 
about  18%  at  that  of  200m/s,  respectively. 

(2) .  The  maximum  scattering  distance  of  propellant  fragment  was  appeared  to 
largely  depend  on  the  size  of  solid  motor  and  to  extend  range  with  the 
motor  vehicle  size  increased.  A  simple  prediction  model  was  derived  to 
estimate  the  maximum  scattering  distance  of  propellant  fragment.  This 
model  is  considered  to  covered  the  test  results  well. 

(3) .  The  results  of  impact  numerical  simulation  analysis  conducted  for 
estimating  the  failure  mode  of  impacted  motor  showed  generally  agreement 
with  the  test  results,  thereby  confirming  the  validity  of  the  simulation 
model . 

The  method  for  predicting  the  hazard  potential  of  large  solid  motors  will  be 
established  on  the  base  of  these  test  results  in  the  near  future. 
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Table  3.  Observed  maximum  distance  of  scattered  fragments 


Test 

No 

Impact 

Velocity  (ra/s) 

Propellant 
mass  (kg) 

Observed  Maximum 
Scattering  Distance  (m) 

1 

92 

10.  4 

92 

2 

194 

9.0 

no 

3 

54 

109 

205 

4 

98 

Tos 

235 

5 

100 

996 

400 
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52 

3603  1  397 

Figure  7.  Relationship  between 

Maximum  scattering  range  and  Propellant 


mass 


unburned  prop 
burned  prop. 
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Gencralizatioii  of  the  Results  of  the  Solid  Energetic  Materials  Sensitivity  to  Impact 

and  Friction  Estimation 
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A  generalization  of  1 2  different  methods  of  sensitivity  of  the  solid  energetic  nialcriaJs  EJVJ 
to  impact  and  friction  evaluation  used  in  the  different  countries  is  proposed.  As  a  ground  for 
the  generalization  the  critical  stress  data  Pi  received  using  the  strain  gage  and  K.-44-11 
impact  iuachine  arc  utilized  TTte  values  of  the  critical  pressures  P2obtained  in  experiments 
at  static  compression  of  llie  layer  of  explosive  in  the  plexiglas  tubes  of  different  wall 
thickness  and  the  critical  pressure  P4,  produced  as  a  result  of  the  minimal  energy  of 
initiation  W*  estimation  arc  proportional  to  the  Pi  value,  and  in  feet  all  three  of  the 
pressures  (Pi,  P2,  P4)  are  almost  equal  to  each  other.  The  W*  value  correspondingly  is 
proportional  to  Pi  square. 

The  results  of  pressure  P3  measurements  necessary  to  obtain  the  explosion  frequencies  of 
100,  50,  and  0%  estimated  by  means  of  the  Soviet  friction  impact  machine  K-44-III  (the 
values  of  P3(100),  P3(50),  and  P3(0),  coir.)  are  related  to  Pj  by  the  more  complicated 
manner.  At  Pi<7kbar  they  are  proportional  to  ?i.  At  Pi>7kbar  the  main  relation  is 
Pj  ~  Pi^.  The  quantitative  explanation  of  this  behavior  is  proposed. 

Tire  value  of  the  mmimal  heigfrt  of  the  10  kg  weight  falling  down  to  produce  explosion  in 
the  tool  #2  of  the  K-dd-II  mq}act  machine,  and  the  Rotter  machine  Fh  (Figure  of  Intensity) 
results  are  proportional  to  Pj°  **  at  pi  <  6.5  kbar  and  to  P’  ^  at  Pj  >  6.5  kbar. 

The  Soviet  rotating  friction  device  T-6-2  gives  the  critical  pressure  P*.  It  is  proportional  to 
Pi*  ®.  The  Rotaiy  Friction  Test  results  FF  (Figure  of  Friction),  and  the  critical  height,  "up- 
and-down”  value  of  sensitivity  estimated  by  means  of  #12  Bruston  tool  application  both 
correlate  with  Pi  as  propoitional  to  P|”  where  n  is  1.4  and  1.8,  coir.  Only  the  LL  data,  the 
limiting  load  of  BAM  friction  apparatus  have  the  n-exponent  essentially  higher  than  it 
usually  is,  i.e.  about  2.5.  All  tlic  results  obtained  are  logically  explained 
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Abstract 

A  miniaturised  pyrotechnic  bomb,  closed  by  a  metallic  foil,  is  presented.  Inside,  a  propellant 
sample,  as  fuse  head,  is  ignited  by  a  small  resistive  wire.  The  expansion  of  the  burned  gases 
produces  the  rupture  of  the  metallic  foil,  generating  a  flyer  disk  movement.  Its  acceleration  is 
similar  but  slower  than  the  obsen'ed  inside  the  barrel  of  a  slapper  initiation  device.  Two  used 
electrical  pulse  generators  are  presented.  They  are  based  on  conventional  electric  discharge 
circuit,  with  a  typical  discharge  energy  less  than  1  J,  using  two  different  kind  of  switches.  The 
discharge  characteristics  are  optimised  as  a  function  of  pressure  combustion  inside  bomb. 

The  experimental  pressure,  inside  bomb,  is  measured  and  correlated  with  a  simple  combustion 
model.  The  discussion  of  the  results  seems  to  indicate  the  existence  of  energetic  material 
dispersion,  from  the  initial  fuse  head,  before  the  end  of  combustion.  Rupture  of  foil,  generating 
flyer  disk,  is  a  function  not  only  of  the  load  pressure  inside  the  bomb  but  also  of  the  pressure 
rise.  Flyer  disk  velocity  seems  to  be  able  to  initiate  sensible  secondary  explosives. 

1.  INTRODUCTION 

An  electrical  detonator  is  an  electroexplosive  device  (EED)  in  which  a  suitable  electrical 
waveform  is  supplied  to  a  fine  resistance  element  bridge,  in  such  a  manner  to  initiate  the 
pyrotechnic  charge  in  contact  with  the  bridge.  The  role  of  the  detonator,  thus,  is  to  convert  an 
electrical  pulse  into  a  sustained  detonation,  which  is  then  transferred  to  the  next  element  in  an 
explosive  train  (Austing  et  al,  1989).  Generally,  two  methods  can  be  considered  to  the 
explosive  initiation  (Dinegar,  1984)  -  hot  wire  and  transmission  method,  pervious  described  as 
EED,  and  slapper  foil  impact  initiation,  (Gois  et  al,  1993),  where  the  secondary  explosive  is 
initiated  under  impact  of  a  flyer  plate. 

Research  and  development  activities,  over  the  last  three  decades,  have  been  directed  to  improve 
both  the  electrical  and  pyrotechnic  safeties  of  all  EED.  The  improvement  in  the  pyrotechnic 
safety  is  achieved  with  the  stop  of  the  use  of  primaiy-  explosives,  which  are  very  dangerous  due 
to  their  high  sensitivity  to  shock  and  temperature  conditions,  and  to  their  potential  pollution. 

A  miniaturised  pyrotechnic  bomb,  closed  by  a  metallic  foil,  is  presented.  Inside,  a  propellant 
sample  is  ignited  by  a  small  resistive  wire,  coimected  to  an  electrical  pulse  generator.  The 
expansion  of  the  burned  gases  produces  the  rupture  of  the  metallic  foil,  generating  a  flyer  disk 


movement.  Its  acceleration  is  similar  but  slower  than  the  observed  inside  the  barrel  of  a  slapper 
initiation  device. 

The  following  text  presents: 

-  the  pyrotechnic  closed  bomb  generator  of  a  flyer  disk, 

-  two  electrical  pulse  generators,  based  on  a  conventional  electric  discharge  circuit, 
with  a  t^'pical  discharge  energy  less  than  1  J,  using  two  kinds  of  switches, 

-  the  experimental  measurements  of  the  current  and  voltage  drop,  through  the 
resistance  of  the  bridge  wire  and  fuse  head, 

-  the  experimental  measurements  of  the  pressure  inside  the  bomb  and  its  correlation 
with  a  simple  combustion  model. 

2.  EXPERIMENTAL  SET-UP 
2A.  Flyer  plate  generator. 

The  flying  plate  generator,  shown  in  Fig.  1,  is  based  in  pyrotechnic  bomb  closed  by  a  metallic 
foil.  It  includes  a  5mm  internal  diameter  and  10  mm  length  c\'lindrical  combustion  chamber, 
executed  in  brass  and  a  clump  screw,  which  locks  inside  a  40mg  based  nitro-cellulose  fuse 
head.  The  chamber  is  closed  by  a  O.lmm  thick  copper  foil,  from  which  is  generated  the  flyer 
disk.  It  has  an  accelerated  movement  along  a  3mm  diameter  barrel  dish.  A  piezoelectric 
pressure  transducer  (PCB  1 12A05  with  2ps  rise  time)  allows  the  measurement  of  the  pressure 
inside  the  chamber. 

When  an  electrical  pulse  is  supplied  to  the  resistance,  inside  the  fuse  head,  the  heat  release  by 
Joule  effect  will  ignite  the  propellant.  The  pressure  from  the  combustion  gases  is  high  enough 
to  push  out  a  section  of  copper  foil  to  form  the  flyer  disk.  The  flying  disk  is  then  accelerated 
along  a  gap  distance,  provided  by  the  barrel,  until  it  reaches  the  target.  The  barrel  not  only 
must  insure  a  suitable  gap  allowing  the  flying  disk  acceleration,  but  also  act  like  a  gun  barrel 
providing  a  good  obturation  and  an  easy  pushing  out  of  the  flyer  plate  (Rychardson  et  al, 
1988). 

2.2.  Low  discharge  energy  electrical  pulse  generator 

An  industrial  type  electrical  pulse  generator  was  used  in  preliminary  experiments.  It  has  an 
electrolic  capacitor  of  36  mF,  usually  loaded  at  46  V,  switched  by  a  mechanical  relay.  Its 
unknown  and  not  reliable  internal  resistance  suggests  the  use  of  following  system. 
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1 - Clump  screw 

2- Fuse  head 

3 - Combustion  chamber 

4- Copper  foil 

5 - Barrel 

6- Pressure  transducer. 


Fig.  1  -  Flyer  plate  generator. 


It  is  based  (vd.  Fig.  2)  on  a  2.14  mF  low  inductance  capacitor  as  a  source  of  energy',  which  can 
be  charged  by  a  medium  tension  generator  until  values  of  400Volts,  storing  a  maximum  energy 
of  0.1712  J.  The  flow  of  current  to  the  bridge  v,ire  is  switched  by  an  antiparallel  thyristor 
(SCR),  (RS  -  353-455)  allowing  current  peaks  until  875A  and  with  a  critical  rate  of  rise  of 
voltage  of  500V/ms, 


Fig,  2  -  Low  discharge  energy  electrical  pulse  generator  circuit. 


► 


Figure  3  shows  a  discharge  type  curve  of  the  capacitor,  over  a  1.590  short  circuiting 
resistance  and  the  potential  difference  troughtout  the  resistance.  It  is  possible  to  observe  that 
the  two  curx'es  are  very  similar,  which  means  that  the  internal  resistance  of  the  electrical  pulse 
generator  is  ver\'  small. 


0  5  10  15  20 

TIME  (|JS) 


Fig.  3  -  Capacitor  and  resistance  voltage. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
3.1  Electric  discharge  characteristics 

The  type  current  and  voltage  difference  curves  through  the  fuse  head  resistance  for  two  values 
of  the  initial  capacitor  voltage  are  shown  in  Fig.  4. 


Fig.  4  -  Current  and  voltage  curves  through  the  fuse  head  resistance  for  two  initial  capacitor 

voltages. 
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The  analysis  of  the  two  graphics  (vd.  Fig.  4)  suggests  that  all  the  stored  energy  in  the  case  of 
the  initial  capacitor  voltage  of  lOOV,  has  been  discharged.  On  the  other  case,  for  200V  initial 
voltage,  not  all  the  stored  energy  could  be  discharged. 

The  energy  delivered  to  the  fuse  head  resistance  can  be  evaluated  either,  using  the  measured 
values  of  the  current  and  voltage  difiFerence,  by: 


['l.V.dt  (1) 

Jo 

where  V  is  the  voltage  difference  through  the  fuse  head  [V],  I  the  current  through  [A]  and  t  the 
time  [s]. 

Assuming  a  constant  resistance  of  fuse  head 


1  r  hv  V 

-rvA 


E,=-CVA\-e 


(2) 


where  is  the  delivered  energy  [J],  C  the  capacitance  [F],  the  initial  voltage  [V],  r  the 
bridge  wire  burst  time  [s]  and  the  initial  fuse  head  resistance  [Q]. 

The  results  obtained  by  numerical  integration  of  equation  1  and  analytical  resolution  of 
equation  2  are  presented  in  Fig.  5. 


INITIAL  VOLTAGE  100V 


INITIAL  VOLTAGE  200V 


Fig.  5  -  Delivered  energy  to  the  fuse  head  evaluated  by  equations  1  and  2. 

The  difference  of  obtained  results,  shown  in  Fig.  5,  allow  to  conclude  that  for  a  two  time 
increase  in  the  initial  capacitor  voltage  it  is  observed  four  times  increase  in  the  delivered 


energy 


3.2.  Combustion  and  pressure  rise 

An  example  of  obtained  experimental  pressure-time  results  are  shown  in  Fig.  6.  Two  situations 
are  presented; 

Situation  referred  as  A  was  obtained  with  the  previous  described  low'  discharge  energy 
electrical  pulse  generator,  for  a  initial  capacitor  voltage  of  1 OOV, 

Situation  referred  as  B  w'as  obtained  using  the  previous  described,  industrial  type  electrical 
pulse  generator,  with  an  36  mF  electrolytic  capacitor,  loaded  at  46V,  and  with  an  mechanical 
relay  as  switch. 


Fig.  6  -  Pressure  time  variation  for  two  experimental  situations. 

The  differences  observed  between  these  two  types  of  pressure-time  profiles  are  suggested  to  be 
justified  by  electrical  pulse  energy.  Pressure-time  profiles  of  the  situation  A  do  not  present 
significative  differences.  On  the  other  way,  pressure-time  profiles  of  the  situation  B,  present 
significant  differences.  This  fact  can  be  explained  by  the  reliable  behaviour  of  the  mechanical 
switch. 


Fig.  7  -  Pressure-time  variation  for  a  loading  density  of  0.152g/cm^ 
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3.3.  Preliminary  evaluation  of  flyer  disc  acceleration 

The  preliminary  pressure-time  experimental  results  can  be  seen  on  Fig.  7  and  8.  It  is  possible  to 
observe  the  pressure  chamber  relief  when  the  copper  plate  is  pushed  out  from  the  foil.  The 
variation  of  the  pressure  rise  rate  and  the  maximum  pressure  value  is  a  function  of  loading 
density,  defined  as  the  relation  between  the  mass  of  propellant  and  the  chamber  volume. 


*2 

Fig.  8  -  Pressure  rate  variation  for  a  loading  density  of  0. 152g/cm-’ 

Evaluation  for  the  flyer  plate  velocity  after  a  7mm  of  travelling  distance,  predicts  a  velocity  of 
620m/s  which  seems  to  be  in  accordance  with  the  measured  travelling  time. 


3.4.  Pressure  time  variation  discussion 

The  experimental  pressure-time  profiles  were  correlated  with  those  calculated  by  a  simple 
combustion  model,  where  the  fuse  head  propelant  is  assumed  to  be  spherical.  It  is  based  on  the 
foiling  equations: 

-  mass  balance 


dP  PdT.P  dr  Pf,.R.T  A.n.r^  dr 


■  = - -I- — A.7Z.r\- — 


dt  T  dx  V, 


dx 


U 


dt 


(3) 


-  energy  balance,  assuming  all  the  energy,  generated  by  propelant  combustion,  is 
absolved  by  the  combustion  gases 

dt _ 


P.M 

R.T 


\V^--.n.r 


dT 

dt 


(4) 


78-8 


-  Vieille  law 

iL 

dt 


a.P" 


(5) 


where  P  is  the  pressure  inside  the  combustion  chamber  [Pa],  t  time  [s],  T  combustion  gas 
temperature  [K],  Vg  total  gas  volume  inside  the  combustion  chamber  [m^],  r  propelant  radius 
[m],  Pp  propelant  specific  mass  [m^/kg],  R  universal  gas  constant  [J.mor’.K  '],  A/ molar  mass 
of  combustion  gases  [kg/mol],  AHr  reaction  enthalpy  [J/kg],  Cpg  specific  heat  at  constant 
pressure  of  the  combustion  gases  [J.kg  ^K  '],  a  Vieille’s  law  pre-exponential  factor,  and  n 
Vieille’s  law  exponential  factor. 


An  example  of  correlation  of  the  experimental  and  calculated  pressure-time  profiles  is  shown  in 
Fig.  9.  This  result  seems  to  indicate  the  existence  of  energetic  material  dispersion,  from  the 
initial  fuse  head,  before  the  end  of  combustion. 


Fig.  9  -  Example  of  correlation  of  experimental  and  calculated  pressure  time  profiles. 


4.  CONCLUSIONS 

A  miniaturized  pyrotechnic  bomb,  closed  by  a  metallic  foil,  having  inside  a  propellant  sample 
as  a  fuse  head,  igmted  by  a  small  resistive  wire,  is  presented.  The  expansion  of  burned  gases 
produces  the  rupture  of  the  metallic  foil  generating  a  flyer  disk  movement.  The  discharge 
characteristics  are  optimized  as  a  function  of  combustion  inside  the  bomb. 

The  flyer  disk  velocity,  correlated  with  experimental  measurements  of  pressure  inside  the 
bomb,  seems  to  be  able  to  initiate  sensible  secondary  explosives.  The  discussion  of  the  results. 
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based  in  a  simple  combustion  model,  seems  to  indicate  the  dispersion  of  the  energetic  material 
from  the  initial  fuse  head,  before  the  end  of  combustion.  Rupture  of  foil,  generating  flyer  disk, 
is  a  function  not  only  of  the  load  pressure  inside  the  bomb,  but  also  a  function  of  the  pressure 
rise. 
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SPECTRAL  EMISSION  FROM  POOL  FIRES  OF  VARIOUS  FUELS  - 
CONSIDERING  TRANSIENT  STRUCTURES 
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Fraunhofer  Institut  fur  Chemische  Technologic, 

Joseph-von-Fraunhofer-Str.  7,  D-76327  Pfmztal, 

Germany 


Abstract 

With  special  regard  to  short-time  structure  nitromethane,  methanol,  2-propanol  and  isooctane 
have  been  investigated,  applying  NIR/IR  spectrometer  systems  based  on  rotating  filter  wheels 
and  with  a  scan  rate  of  50  scans/s.  The  resulting  spectra  have  been  analysed  for  emitting 
species,  their  concentration  and  temperature  of  gas  and  particle  phase.  Temperatures  and 
optical  depth  have  been  determined,  comparing  calculated  spectra  to  experimental  data 
(wavelength  region  1-10  |im).  Assuming  a  simple  flame  ball  model,  the  observed  profiles 
can  be  explained. 


Introduction 

Pool  fires  play  an  important  role  as  model  fires  for  industrial  flame  hazards  of  chemicals  and 
compounds  like  petrol  products,  solvents,  metals  (sodium)  ,  plastics  and  toxic  monomers 
(isocyanates).  Their  main  destructive  potential  comes  out  of  radiated  heat  and  toxic  smoke 
gases  (Bagster  1989).  This  is  also  of  interest  within  smaller  accidental  fires  like  burning 
containers  of  chemicals  emitting  toxic  gases  endangering  enclosed  employees.  Pool  fires  are 
atmospheric  turbulent  diffusion  flames  with  fluctuation  of  flcime  front  caused  by  strong  heat 
and  mass  transfer.  Reaction  is  starting,  if  local  ignitions  conditions  are  reached.  Therefore 
even  small  fires  are  very  complex  reaction  systems  with  inhomogenous  flame  fronts  and 
transient  structures  of  1  to  10  Hz  (Brdtz  1983). 

Effective  fire  fighting  requires  knowledge  of  reaction  mechanism  and  toxic  products. 
Previously  applied  radiation  and  concentration  diagnostics  are  limited  to  low  scan  rates  and 
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cannot  resolve  the  instationary  flame  structures,  essential  for  detailed  understanding  of 
physical  and  chemical  reaction  aspects.  But  just  these  short  time  structures  would  be  a 
decisive  factor  in  an  efficient  flame  modelling  (DiBlasi  1990).  Applying  fast  emission 
spectrometers  (20  to  100  Hz)  allows  identification  of  the  main  reaction  zones  by  simultaneous 
determination  of  pyrometric  and  chemical  properties.  Additionally,  time-resolved 
concentration  and  temperature  profiles  of  reactants  like  HjO,  CO,  COj,  and  NO  can  be 
determined  simultaneously  and  non-intrusive. 

Previous  investigations  on  pool  fires  showed,  that  local  and  temporal  fluctuations  of  flame 
shape  display  no  random  character,  but  recurrent  self  similar  structures.  Periodically  a  flame 
ball  is  formed  at  the  flame  base  and  ascends  driven  by  buoyancy  (Brdtz  1978,  Zukoski  1984, 
Weiser  1991).  It  is  assumed  that  this  structure  is  formed  by  inflaming  the  diffusive  mixed  air 
and  fuel  vapour  when  reaching  the  lower  ignition  limit.  Expanding  flame  gases  prevent 
further  supply  of  oxygen.  After  the  flame  ball  rises  upstream  surrounding  air  entrains  to  the 
continuously  evaporating  fuel.  This  phenomena  of  ascending  flame  structures  can  also  be 
observed  in  parts  of  big  hazardous  fires. 

Experimental 

A  steel  pool  (diameter  1 13  mm,  height  40  mm)  was  filled  with  fuel  to  1  mm  below  surface. 
The  fuel  level  was  considered  to  be  constant  during  the  measurements  started  30  seconds  past 
ignition  with  50  spectra/s  scan  rate.  The  temperature  of  the  fuel  ranged  between  20  and  25°C 
and  was  not  affected  perceptibly  because  of  the  short  combustion  period.  Used  fuels  were 
methanol,  2-propanol,  nitromethane  and  isooctane. 

The  spectrometers  consist  of  two  fast  rotating  interference  filter  wheels  with  wavelength 
regions  from  1200  -  2500  nm  (InSb-detector)  and  2450  -  14000  nm  (InSb/HgCdTe-sandwich- 
detector),  developed  at  ICT.  They  allow  a  time  resolution  down  to  10  ms  per  scan.  The 
calibration  was  carried  out  from  reference  spectra  of  a  black  body  radiator.  The  optics  was 
focused  on  the  flame  axis  in  heights  of  20,  100,  180  and  300  mm. 
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Results 

Mean  spectral  radiation  of  different  flame  regions 

The  spectral  intensity  of  emitting  flame  gases  is  depending  on  tenq)erature,  concentration  of 
IR-active  gas  compounds  and  emitting  pathlength.  A  reduced  data  analysis,  using  mean 
spectra,  allows  identifying  chemical  species  in  different  flame  regions.  Fig.  l(a)-(d)  shows 
emission  spectra  of  investigated  pool  fires  20  and  180  mm  above  surface,  resulting  in  30 
consecutive  scans  and  assembling  both  NIR  and  IR  filter  wheel  spectra. 


Fig.  1:  Time  mean  spectra  of  investigated  pool  fires  20  mm  and  180  mm  above  surface,  (a)  methanol, 
(b)  nitromethane,  (c)  2~propanol,  (d)  isooctane 

In  the  lower  flame  region  (20  mm  spectra)  high  concentrations  of  hydrocarbons  and  partially 
oxidized  species  were  detected.  In  upper  regions  (180  mm  spectra,  dashed  lines)  only  water 
and  carbondioxide  can  be  determined  (conq)are  with  results  of  gasanalytics,  Tab.  1  (Hoffinann 
1994) 
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In  all  spectra  the  strong  bands  of  COj  at  2.7  and  4.3  |am,  the  optical  thin  water  bands  at  1.3, 
1.8  and  2.7  |im  and  the  optical  thick  water  band  from  5.5  to  8  |im  can  be  observed. 
Additionally,  20  mm  above  surface  C-H  vibrational-stretching  bands  at  3.3  pm  can  be  found. 
At  7  pm  the  water  bands  are  overlapped  by  emissions  of  hydrocarbons,  indicating  large 
amounts  of  unbumed  hydrocarbons  in  the  lower  flame  region.  Furthermore  the  spectrum  of 
methanol  at  20  mm  above  surface  shows  weak  CO  emissions  at  4.8  pm  and  at  the  same  height 
nitromethane  has  a  weak  NO  band  at  5.2  pm.  These  NO  bands,  appearing  only  in  spectra  of 
nitromethane,  indicate  that  the  combustion  product  NO  is  splitted  from  nitromethane,  but  not 
created  by  the  thermal  mechanism  proposed  by  Zeldovich,  1946.  This  behaviour  of 
nitrocompounds  during  atmospheric  combustion  has  been  described  by  Grobel,  1994.  The 
spectra  of  2-propanol  and  isooctane  show  continuous  radiation  up  to  4  pm,  emitted  by  soot 
particles.  The  high  soot  emission  in  the  upper  flame  region  suggest  that  soot  is  formed  by 
cracking  of  fuel  molecules  at  advanced  combustion  state. 


height 

CH, 

CO 

CO2 

O2 

NO, 

methanol 

20  mm 

5 

9 

6.5 

1 

msm 

nitromethane 

15 

15 

6 

5 

2-propanol 

12 

7.5 

0.5 

mimi 

isooctane 

14 

5 

7 

0.5 

0.7 

methanol 

180  mm 

HEHI 

1 

4 

15 

0 

nitromethane 

0.5 

4 

mm 

0.4 

2-propanol 

mm 

4 

0.3 

isooctane 

2 

miH 

4 

15 

0.1 

Tab.  1 :  Concentrations  of  most  important  dry  flame  gas  components  of  investigated  fuels  (mol%) 


Time-resolved  spectra 
Qualitative  considerations 

The  time-resolved  spectra  exhibit  periodical  structures,  repeating  at  frequency  from  6  to  7  Hz 
(see  Weiser  1991).  Fig.  2  and  3  show  waterfall  plots  of  methanol  and  2-propanol  flames  at 
two  heights  (20  and  180  mm  above  surface).  In  the  lower  flame  region  the  intensities  of  HjO-, 
CH-  and  COj-bands  follow  a  sinus  curve.  Strong  fluctuations  of  the  flame  in  the  upper  region 
lead  to  complete  decrease  of  measured  intensity.  C-H  bands  and  maximum  soot  emission 
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appear  simultaneously.  This  indicates  alternating  structures  dominated,  on  the  one  hand,  by 
soot  and  unbumed  hydrocarbons  and,  on  the  other  hand,  by  completely  oxidized  combustion 


Fig.  2:  Waterfall  plot  of  time-resolved flame  spectra  of  methanol,  (a)  x=  20  mm,  (b)  x=180  mm. 


Fig.  3:  Waterfall  plot  of  time-resolved flame  spectra  of  2-propanol,  (a)  x=  20  mm,  (b)  x=I80  mm. 


If  soot  and  unbumed  hydrocarbons  are  assigned  to  the  proposed  flame  ball  stmcture,  the 
intensity  alternation  in  the  time-resolved  spectra  can  be  explained  as  ascending  flame  balls. 
Time-resolved  spectra  of  nitromethane  and  isooctane  show  similar  profiles. 

For  a  detailed  analysis,  band  regions  assigned  to  the  products  were  integrated  and  normalised. 
Fig.  4  and  5  show  the  profiles  of  COj  (4.1  to  4.7  pm),  HjO  (5.5  to  6.3  pm),  CH  (3,2  to  3.6 
pm)  and  soot  continuum  (3.7  to  4.1  pm).  Soot  continuum  has  been  subtracted  to  correct  the 
CH-profile.  Water  and  carbondioxide  profiles  show  the  same  behaviour.  An  obvious  phase 
shift  can  be  observed  20  mm  above  surface  caused  by  pure  or  pyrolized  fuel.  In  the  upper 
flame  region  this  shift  disappears.  Therefore  in  the  lower  flame  combustion  end  products  and 
high  fuel  concentrations  are  alternating.  In  upper  flame  regions  only  the  passing  flame  ball 
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structure,  filled  with  a  high  amount  of  unbumed  hydrocarbons  is  detected.  The  results  indicate 
soot  formation  caused  by  thermal  degradation  of  hydrocarbons  at  the  exterior  zone  of  the 
flame  ball. 


Fig.  4:  Normalised  time  profile  of  various  product  specific  band  regions  in  the  case  of  methanol,  (a)  x 
=  20  mm,  (b)  x  =  180  mm. 


Fig.  5:  Normalised  time  profile  of  various  product  specific  band  regions  in  the  case  of  2-propanol,  (a) 
X  =  20  mm,  (b)  x  =  180  mm. 

Quantitative  considerations 

A  quantitative  data  analysis  has  been  applied  by  using  band  modelling.  The  used  computer 
program  BAM  can  calculate  NIR/IR-spectra  (1-10  pm)  of  inhomgeneous  gas  mixtures  of 
H2O  (with  bands  around  1.3,  1.8,  2.7  and  6.2  pm),  COj  (with  bands  around  2.7  and  4.3  pm), 
CO,  NO  and  HCl  and  can  take  in  consideration  emission  of  soot  particles.  It  is  based  on  the 


79-7 


single  line  group  model  (see  Ludwig  et  al.  1973)  and  makes  also  use  of  tabulated  data  of  HjO 
and  CO2  in  this  reference.  Because  there  are  so  many  unknown  parameters  influencing  the 
emission  spectrum  of  an  inhomogeneous  gas  mixture,  only  a  simplified  model  can  be 
employed.  Therefore  we  have  assumed  that  there  is  just  one  emitting  layer  of  undefined 
thickness,  constant  temperature,  constant  concentration  of  the  various  gases  and  soot  particles 
in  thermal  equilibrium.  These  assumptions  lead  to  a  reasonable  number  of  parameters,  which 
can  be  determined  by  fitting  calculated  spectra  to  experimental  data. 

Because  we  have  used  two  spectrometers,  which  were  not  synchronised,  only  the  spectrum  of 
the  NIR-  or  IR-spectrometer  can  be  fitted  at  once.  A  further  complication  is  induced  by  high 
absorption  of  the  COj  band  at  4.3  fim  and  the  HjO  band  at  6.3  pm.  For  these  bands  the 
assumption  of  a  homogenous  layer  is  a  very  poor  one,  because  also  not-emitting  regions  have 
significant  effect  on  measured  intensity.  As  a  result,  we  have  analysed  only  the  NIR-spectrum 
from  1.7  -  2.2  pm  dominated  by  the  1.8  pm  band  of  water,  since  the  1.3  pm  band  of  water  is 
very  weak  and  has  a  bad  signal/noise  ratio.  With  this  restriction,  temperature  and 
„concentration  length"  (concentration  *  length)  of  water  and  soot  particles  have  been 
determined  by  fitting.  Representative  fitted  spectra  are  given  in  Fig.  6(a)-(d)  and  Fig.  7(a)-(d) 
shows  time  profiles  of  fitted  parameters.  For  methanol  and  nitromethane  temperature  is 
almost  constant,  but  is  fluctuating  for  2>propanol  and  isooctane.  These  fluctuations  are 
probably  a  consequence  of  the  high  heat  radiation  of  the  soot  particles. 

The  concentration  of  water  shows  the  expected  periodic  behaviour.  Another  interesting  result 
is  the  high  correlation  of  water  and  soot  concentration  fluctuations  in  the  case  of  2-propanol 
and  isooctane. 


Fig.  6:  Typical  sampled  spectra  in  the  region  of  the  1.8  pm  water  band  of  (a)  methanol,  (b) 
nitromethane,  (c)  2 -propanol  and  (d)  isooctane  20  mm  above  the  surface.  The  solid  curves  are  fitted 
theoretical  spectra  calculated  with  BAM. 


Fig.  7:  Temperature  and  concentration*pathlength  of  H2O  and  soot  as  result  of  fitting  calculated 
spectra  to  experimental  data:  (a)  methanol,  (b)  nitromethane,  (c)  2-propanol  and  (d)  isooctane  20 
mm  above  the  surface. 
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ABSTRACT 

The  Influence  of  nitrocellulose  on  the  reaction  between  zirconium  and 
potassium  perchlorate  has  been  investigated  quantitatively  by  differential  scanning 
calorimetry,  chemical  analysis  using  ion  specific  electrodes  and  simultaneous 
thermogravimetry-differential  thermal  analysis-mass  spectrometry  using  a  unit 
calibrated  for  carbon  dioxide  measurement.  The  increase  in  the  extent  of  reaction 
produced  by  the  addition  of  nitrocellulose  to  the  binary  composition  containing 
1 0%  zirconium,  has  been  shown  to  be  significantly  larger  than  that  predicted  from 
measurements  on  potassium  perchlorate-nitrocellulose  mixtures. 

DSC  measurements  on  the  exothermicity  of  reaction  of  zirconium-potassium 
perchlorate-1  %  nitrocellulose  compositions,  containing  from  10-90%  zirconium, 
have  shown  good  agreement  with  results  obtained  using  adiabatic  combustion 
calorimetry.  The  solid  state  reaction  between  zirconium  and  potassium  perchlorate, 
measured  by  DSC  under  non-ignition  conditions,  therefore  represents  the  major 
component  of  the  pyrotechnic  combustion  reaction. 


80-2 


INTRODUCTION 

Previous  studies  on  the  zirconium-potassium  perchlorate-nitrocellulose  (NO) 
pyrotechnic  system,  using  simultaneous  thermogravimetry-differential  thermal 
analysis-mass  spectrometry  (TG-DTA-MS)  showed  that  zirconium  and  potassium 
perchlorate  gave  an  exothermic  solid  state  reaction,  in  the  region  of  400°C,  which 
overlapped  with  the  decomposition  of  unreacted  potassium  perchlorate  (1). 
Quantitative  measurements  were  made  on  this  solid  state  reaction  by  differential 
scanning  calorimetry  (DSC)  and  by  chemical  analysis  using  ion-specific  electrodes 
(ISE)  to  measure  the  potassium  perchlorate  and  chloride  contents  of  the  reaction 
products  (2). 

The  experiments  were  carried  out  on  the  40%  Zr-59%  KCI04-1%  NC 
composition  and  enabled  the  amount  of  potassium  perchlorate  reacted  to  be 
established  quantitatively  as  a  function  of  temperature.  By  comparison  of  the  DSC 
peak  area  measurements  on  the  potassium  perchlorate  transition  before  and  after 
reaction  with  the  results  from  the  perchlorate  electrode,  the  DSC  technique  was 
found  to  provide  an  excellent  ancillary  method  for  the  determination  of  the  extent 
of  the  perchlorate  reaction.  A  comparison  of  the  amount  of  potassium  chloride 
formed  in  the  reaction  with  the  amount  of  perchlorate  reacted  showed  that  the 
solid  state  reaction  could  be  represented  by  the  equation  :-  2Zr  -f-  KCIO4  ^  2ZrO 
-k  KCI.  ^ 

The  simultaneous  TG-DTA-MS  experiments,  carried  out  on  compositions 
containing  1 0%  zirconium,  showed  that  the  addition  of  low  levels  of  nitrocellulose 
appeared  to  increase  the  exothermicity  of  this  solid  state  reaction  (1).  It  was  also 
observed  that  potassium  perchlorate  reacted  exothermically  with  the  carbonaceous 
residue,  formed  by  the  decomposition  of  nitrocellulose  at  about  200°C.  This 
reaction  took  place  in  the  region  of  the  zirconium  -potassium  perchlorate  reaction 
and  resulted  in  the  production  of  carbon  dioxide. 

In  the  present  work,  the  DSC  and  ISE  techniques  have  been  applied  to 
quantify  the  influence  of  nitrocellulose  on  the  reaction.  This  has  been  carried  out 
by  comparing  the  increase  in  the  extent  of  reaction  on  addition  of  nitrocellulose  to 
the  binary  composition  containing  10%  zirconium,  with  the  magnitude  of  the 
reaction  between  potassium  perchlorate  and  nitrocellulose.  The  results  have  been 
supplemented  by  quantitative  MS  measurements  on  the  amounts  of  CO2  evolved. 
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In  addition,  DSC  has  been  used  to  investigate  the  influence  of  zirconium 
content  on  the  exothermicity  of  reaction  under  non-ignition  conditions  for  ternary 
Zr-KCI04-NC  compositions  containing  from  10-90%  zirconium  and  1% 
nitrocellulose. 

EXPERIMENTAL 

The  zirconium  {Degussa  grade  CX)  had  a  mean  particle  size  of  1 .7;ym,  and 
a  purity  of  96.5%  (as  total  Zr-LHf).  The  potassium  perchlorate  had  a  particle  size 
of  <60//m,  and  a  purity  of  >99%.  The  nitrocellulose  was  type  220. E,  with  a 
nitrogen  content  of  12.1%.  The  compositions  were  prepared  in  a  Turbula  mixer 
before  granulation  with  the  nitrocellulose  to  give  a  grain  size  of  about  0.5mm. 

DSC  experiments  were  carried  out,  using  a  Du  Pont  9900  unit,  in  purified 
argon  with  zirconium  powder  as  an  internal  oxygen  getter.  Samples  were  heated 
at  5°C  min’''  in  alumina  crucibles  fitted  with  platinum  lids.  Calibration  for 
temperature  and  enthalpy  was  carried  out  using  the  fusion  of  high  purity  samples 
of  indium,  tin  ,  lead,  zinc  and  aluminium.  Analysis  of  reaction  products,  prepared 
by  heating  a  composition  to  different  temperatures  in  the  DSC  apparatus,  for 
perchlorate  and  chloride  content  was  performed  using  ion-specific  electrodes  (ISE) 
(Orion  Models  33-81  &  94-1 7B).  Full  details  of  the  experimental  procedures  have 
been  given  previously  (2). 

Simultaneous  TG-DTA-MS  measurements  were  carried  out  using  a  Stanton 
Redcroft  STA  1500  linked  via  a  jet  separator  interface  to  a  VG  Micromass 
quadrupole  mass  spectrometer  (3).  The  experiments  were  performed  using  lOmg 
samples,  heated  at  5°C  min’^  in  alumina  crucibles  with  alumina  lids.  Since  the  aim 
of  the  present  experiments  was  to  obtain  a  quantitative  measurement  of  the 
amount  of  CO2  formed,  modifications  were  made  to  the  experimental  procedure 
given  previously.  The  present  experiments  were  carried  out  in  an  atmosphere  of 
helium  containing  232ppm  argon.  By  continuous  monitoring  of  the  argon  signal,  it 
was  possible  to  correct  for  any  changes  in  the  mass  spectrometer  sensitivity  during 
the  experiments.  A  stable  gas  flow  was  achieved  by  using  a  digital  flowmeter  and 
controller  (Brooks  Models  5850TR  &  5878}. 

The  mass  spectrometer  was  calibrated  for  CO2  by  measuring  the  amount  of 
CO2  evolved  from  cadmium  carbonate  which  decomposes  in  the  temperature  range 
250-350°C.  Different  weights  of  a  2%  cadmium  carbonate-98%  alumina  mixture 
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were  chosen  to  cover  the  range  10-450/yg  CO2  and  a  linear  correlation  was 
observed  between  the  MS  peak  area  and  the  amount  of  CO2  evolved.  The  accuracy 
of  the  method  was  estimated  to  be  ±6%. 

RESULTS  AND  DISCUSSION 

Studies  on  the  Reaction  between  Potassium  Perchlorate  and  Nitrocellulose 

A  series  of  DSC  experiments  was  carried  out  to  investigate  the  reaction 
between  potassium  perchlorate  and  nitrocellulose  using  mixtures  containing  1  %, 
3.2%  and  9.1  %  by  weight  of  nitrocellulose.  Measurements  were  made  initially  on 
5mg  samples  and  in  view  of  the  small  peaks  obtained  with  the  lower  nitrocellulose 
mixtures  a  second  set  of  experiments  was  carried  out  using  15mg  samples  to 
obtain  better  defined  curves. 

Typical  curves  obtained  using  1  5mg  samples  are  shown  in  Fig.1.  All  three 
mixtures  showed  a  broad  exothermic  reaction  starting  at  about  325 °C  with  a  peak 
temperature  in  the  region  of  400°C.  The  temperature  at  which  the  reaction  was 
completed  could  be  seen  to  increase  with  increasing  nitrocellulose  content. 
Measurement  of  the  peak  areas  gave  a  linear  increase  with  increasing  nitrocellulose 
content  and  this  is  illustrated  in  Fig. 2,  which  also  shows  the  good  agreement 
between  the  results  obtained  at  the  two  weight  levels. 

Chemical  analysis  of  the  residues  from  1 5mg  samples  of  the  9.1% 
nitrocellulose  mixture  heated  to  completion  of  the  reaction  in  the  region  of  470°C 
showed  reasonable  agreement  between  the  amount  of  perchlorate  reacted  and  the 
amount  of  chloride  formed,  indicating  direct  conversion  of  the  perchlorate  to  the 
chloride.  The  measurements  showed  that  about  5. 1  %  of  the  potassium  perchlorate 
had  reacted.  Assuming  that  the  reaction  takes  place  according  to  the  equation 
KCIO4  +  2C  KCI  +  2CO2,  ^hen  0.9%  of  carbon  would  be  required  for  the  amount 
of  perchlorate  reacted.  This  represents  1 0%  by  weight  of  the  nitrocellulose  present 
in  the  9.1  %  nitrocellulose  mixture,  which  is  similar  to  the  amount  of  carbonaceous 
residue  formed  by  heating  nitrocellulose  to  500°C  (1). 

The  results  of  the  mass  spectrometry  measurements  on  the  three 
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perchlorate-nitrocellulose  mixtures  are  shown  in  Fig. 3,  together  with  a  curve  for  a 
mixture  containing  1  %  nitrocellulose  with  99%  powdered  fused  alumina.  It  can  be 
seen  from  the  latter  curve  that  the  CO2  loss  from  the  nitrocellulose  decomposition, 
at  about  200°C,  extended  into  the  region  where  the  carbonaceous  nitrocellulose 
residue  was  oxidised  by  the  perchlorate,  resulting  in  two  overlapping  peaks.  The 
onset  of  the  perchlorate-nitrocellulose  residue  reaction  could  be  seen  to  start  in  the 
region  of  350°C,  with  a  peak  maximum  at  about  400°C. 

The  total  amount  of  CO2  evolved  is  plotted  as  a  function  of  nitrocellulose 
content  in  Fig.4  and  can  be  seen  to  increase  in  a  linear  manner.  The  values 
obtained  for  the  second  peak,  after  correction  for  the  contribution  from  the 
nitrocellulose  decomposition,  are  also  plotted  in  Fig.4  and,  in  agreement  with  the 
DSC  experiments,  these  also  showed  a  linear  increase  with  nitrocellulose  content. 
From  the  slope  of  the  line,  a  value  of  3.7mg  of  CO2  per  g  of  mixture  for  1% 
nitrocellulose  was  given.  This  represents  the  reaction  of  0.9%  carbon  for  the 
mixture  containing  9.1  %  nitrocellulose,  which  is  in  good  agreement  with  the  values 
estimated  from  the  chemical  analysis  measurements  and  thus  confirms  the 
proposed  reaction  mechanism. 

Influence  of  Nitrocellulose  on  the  Zirconium-Potassium  Perchlorate  Reaction 

DSC  studies  were  carried  out  to  establish  quantitatively  the  influence  of 
nitrocellulose  on  the  reaction  between  zirconium  and  potassium  perchlorate.  The 
compositions  chosen  for  the  study  were:-  10%  Zr-90%  KCIO4,  10%  Zr-89% 
KC104-1%  nitrocellulose  and  10%  Zr-85%  KCI04-5%  nitrocellulose. 

Typical  DSC  curves  for  the  three  compositions,  using  5mg  samples,  are 
shown  in  Fig. 5,  together  with  a  curve  for  the  96.8%  KCI04-3.2%  nitrocellulose 
mixture.  There  was  some  variation  in  the  peak  shapes  from  different  experiments 
on  the  same  zirconium  compositions.  Some  experiments  on  the  binary  composition 
showed  evidence  of  a  shoulder  on  the  leading  edge  of  the  curve,  while  for  the 
composition  with  1  %  nitrocellulose,  a  shoulder  was  sometimes  seen  on  the  trailing 
edge  of  the  peak.  The  mixtures  containing  5%  nitrocellulose  showed  good 
reproducibility. 

It  can  be  seen  that  the  presence  of  nitrocellulose  has  influenced  the 


temperature  at  which  the  reaction  commenced.  In  the  case  of  the  binary  zirconium 
composition,  the  reaction  appeared  to  start  in  the  region  of  the  perchlorate  phase 
transition,  whereas  the  addition  of  1  %  nitrocellulose  had  introduced  a  small  plateau 
between  the  phase  transition  and  the  onset  of  reaction.  The  5%  nitrocellulose 
composition  was  closer  in  behaviour  to  the  binary  composition. 

The  curves  clearly  show  that  the  introduction  of  nitrocellulose  into  the  binary 
zirconium  composition  has  resulted  in  a  substantial  increase  in  the  reaction 
exothermicity.  This  increase  was  observed  mainly  in  the  initial  part  of  the  reaction 
which  is  in  the  region  where  the  exothermic  reaction  in  the  perchlorate- 
nitrocellulose  mixtures  took  place,  as  can  be  seen  from  curve  D. 

The  peak  areas  for  the  binary  zirconium  compositions,  which  have  been 
measured  between  the  completion  of  the  perchlorate  phase  transition  above  300°C 
and  the  onset  of  KCIO4-KCI  eutectic  fusion  at  about  500°C,  are  listed  in  Table  1 . 


Table  1 

DSC  Peak  Area  Measurements  for  10%  Zirconium  Compositions 


MEASUREMENT 

%  NITROCELLULOSE 

0 

1  5 

DSC  Peak  Area  /J  g'^ 

730  +  19 

854+12  987+18 

Considering  the  uncertainty  in  the  establishment  of  the  baseline  introduced 
by  the  aforementioned  transitions,  the  area  measurements  showed  reasonable 
reproducibility.  However,  the  measured  increase  of  17%  in  the  peak  area  for  the 
addition  of  1  %  nitrocellulose  to  the  binary  mixture  was  considerably  higher  than 
expected  from  the  measurements  on  the  perchlorate-nitrocellulose  mixtures.  From 
the  plot  of  DSC  peak  area  v  nitrocellulose  content  for  these  mixtures,  a  heat  output 
of  38J  g  ^  per  percent  nitrocellulose  was  obtained.  Thus  the  increase  in  peak  area 
would  only  have  been  expected  to  be  of  the  order  of  5%  in  the  ternary 
composition. 
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The  influence  of  nitrocellulose  at  the  5%  level  can  be  seen  to  be  less  marked 
than  at  the  1%  level  giving  an  overall  increase  of  35%  in  the  peak  area.  This 
however  is  still  significantly  higher  than  the  predicted  increase  of  about  25%  from 
the  perchlorate-nitrocellulose  measurements. 

The  possibility  that  part  of  the  increase  in  exothermicity  could  be  due  to  the 
reaction  of  the  gaseous  decomposition  products  of  the  nitrocellulose  with  the 
zirconium  was  investigated  by  DSC.  1  5mg  samples  of  a  90.9%  zirconium-9.1  % 
nitrocellulose  mixture  were  heated  under  the  standard  conditions  and  revealed  a 
shallow  exothermic  reaction,  with  a  peak  temperature  of  270°C,  which  overlapped 
with  the  main  exothermic  decomposition  peak  of  the  nitrocellulose  at  205 °C.  This 
higher  temperature  reaction  was  absent  in  experiments  carried  out  under  the  same 
conditions  on  a  mixture  prepared  using  9.1  %  nitrocellulose  with  powdered  fused 
alumina  in  place  of  the  zirconium.  However  the  contribution  of  this  reaction  to  the 
main  exothermic  reaction  in  the  ternary  systems  starting  above  350°C  would  not 
be  significant. 

A  set  of  experiments  was  carried  out  to  determine  the  influence  of 
nitrocellulose  on  the  solid-solid  reaction  between  zirconium  and  potassium 
perchlorate  by  chemical  analysis.  1  5mg  samples  were  heated  to  440°C  to  avoid 
complications  due  to  the  decomposition  of  the  perchlorate,  which  was  found  to  be 
accelerated  in  the  presence  of  the  reaction  products  Zr02  and  KCI  (1).  Duplicate 
ISE  measurements  for  perchlorate  and  chloride  content  and  a  single  DSC 
measurement  for  perchlorate  content  were  carried  out  on  each  composition.  The 
results  are  given  in  Table  2  and  show  reasonable  agreement  between  the 
techniques,  although  the  chloride  figures  for  the  composition  containing  5% 
nitrocellulose  are  lower  than  the  perchlorate  figures. 

Chemical  analysis  measurements  on  the  90.9%  KCIO4-9.I  %  nitrocellulose 
mixture  showed  that  about  5%  of  the  potassium  perchlorate  had  reacted  with 
nitrocellulose.  This  would  result  in  the  reaction  of  about  0.6%  perchlorate  when 
nitrocellulose  is  incorporated  at  the  1%  level  in  a  10%  zirconium  ternary 
composition.  The  results  shown  in  Table  2  show  an  increase  in  the  extent  of 
reaction  over  3  times  greater  than  expected.  This  is  in  agreement  with  the  DSC 
measurements  and  suggests  that  the  presence  of  nitrocellulose  enhances  the 
reaction  between  zirconium  and  potassium  perchlorate.  The  analysis  results  also 


Table  2 


Chemical  Analysis  Results  for  10%  Zirconium  Compositions  heated  to  440°C 


MEASUREMENT 

%  NITROCELLULOSE 

0 

1 

5 

KCIO4  Reduction  /%  (ISE) 

4.6±0.2 

7. 3  +  0.8 

11.4  +  0.8 

KCIO4  Reduction  /%  (DSC) 

5.8 

7.8 

11.3 

KCI  Formed  /% 

5. 2  +  0.1 

7. 2  +  0.2 

9.8  +  0.1 

confirm  that  the  influence  of  nitrocellulose  has  a  lesser  effect  at  the  5%  level 
where  an  increase  of  about  1 .2  times  the  predicted  value  was  given. 

The  mass  spectrometry  traces  for  CO2  showed  reasonable  reproducibility  in 
peak  shapes,  although  there  was  some  variation  in  the  magnitude  of  the  peaks. 
Representative  curves  for  the  binary  and  ternary  zirconium  compositions  are  shown 
in  Fig. 6,  together  with  that  for  the  99%  KCIO4-I  %  nitrocellulose  mixture.  Although 
the  evolution  of  CO2  in  the  second  reaction  stage  started  at  a  lower  temperature 
in  the  presence  of  zirconium,  the  effect  was  less  marked  than  observed  previously 
at  higher  heating  rates  (1 ).  The  overall  level  of  CO2  evolution  was  similar  for  both 
the  ternary  composition  containing  1%  nitrocellulose  and  the  99%  KCi04-1% 
nitrocellulose  mixture  which  gave  values  of  8. 0  +  1.5  and  7.8  +  0.3  mg  CO2  per  g 
of  mixture,  respectively. 

In  the  case  of  the  ternary  mixture  containing  5%  nitrocellulose  there 
appeared  to  be  a  small  reduction  in  the  amount  of  CO2  evolved.  Thus  a  value  of 

31. 8  ±3. 3  mg  CO2  per  g  of  mixture  was  obtained,  compared  with  a  value  of 

39.8  ±3.2  calculated  from  the  experiments  on  the  perchlorate-nitrocellulose 
mixture,  although  further  experiments  would  be  required  to  confirm  this. 

Influence  of  Zirconium  Content  on  the  Exothermicitv  of  Reaction 

The  variation  in  the  exothermicity  of  reaction  of  the  zirconium-potassium 
perchlorate-nitrocellulose  system  with  zirconium  content  was  investigated  by 
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measurement  of  the  DSC  peak  areas  for  compositions  containing  10-90% 
zirconium.  Duplicate  experiments  were  carried  out  by  heating  5mg  samples  under 
the  standard  conditions  to  520°C. 

The  curves  for  the  20%,  50%  and  70%  zirconium  compositions  are  shown 
in  Fig. 7.  It  can  be  seen  that  as  the  zirconium  content  was  increased  the  shoulder 
visible  on  the  leading  edge  of  the  DSC  peak  became  increasingly  prominent.  A 
similar  shoulder  was  observed  on  the  DTA  peak  obtained  in  the  aerial  oxidation  of 
zirconium  (1).  The  exothermic  peak  at  about  500°C,  in  the  region  of  the  KCIO4-KCI 
eutectic  fusion,  became  less  marked  as  the  zirconium  content  was  increased,  and 
above  the  50%  zirconium  level  merged  into  the  trailing  edge  of  the  main  peak. 

The  results  of  the  area  measurements  are  plotted  in  Fig. 8  together  with 
those  obtained  by  adiabatic  combustion  calorimetry  (4).  The  good  agreement 
between  the  measurements  suggests  that  the  reaction  being  studied  by  DSC  under 
non-ignition  conditions  represents  the  major  component  of  thecombustion  reaction. 

Both  techniques  show  an  exothermicity  maximum  in  the  region  of  60% 
zirconium  which  is  in  good  agreement  with  the  stoichiometric  value  of  56.8% 
zirconium  calculated  from  the  equation:-  2  Zr  -f  KCIO4  ^  2  Zr02  +  KCI 
and  therefore  lend  support  to  the  previously  postulated  reaction  mechanism. 

CONCLUSIONS 

It  has  been  shown  that  the  carbonaceous  residue  produced  by  the 
decomposition  of  nitrocellulose,  at  about  200°C,  reacts  with  potassium  perchlorate 
in  the  region  of  400°C  and  that  there  is  a  linear  relationship  between  the 
exothermicity  of  reaction  and  the  nitrocellulose  content  over  the  range  studied  (1- 
9.1  %).  The  extent  of  the  perchlorate  reaction  as  measured  by  chemical  analysis 
and  the  amount  of  carbon  dioxide  produced,  as  determined  by  mass  spectrometry, 
are  consistent  with  the  reaction:-  KCIO4  +  2  C-*  KCI-h  2  CO2,  where  the  amount 
of  carbon  oxidised  represents  about  10%  of  the  nitrocellulose  present. 

DSC  studies  have  confirmed  that  when  nitrocellulose  is  incorporated  at  the 
1%  level  into  binary  compositions  containing  10%  zirconium,  an  increase  in 
exothermicity  is  produced  that  is  approximately  three  times  greater  than  that 
expected  from  measurements  on  the  potassium  perchlorate-nitrocellulose  mixtures. 
The  exothermicity  contribution  from  the  reaction  of  the  gaseous  decomposition 
products  of  nitrocellulose  with  zirconium  was  found  to  be  negligible. 
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Studies  by  chemical  analysis,  on  samples  heated  to  440°C,  similarly  showed 
an  increase  some  three  times  greater  than  expected  for  the  amount  of  potassium 
perchlorate  reacted,  thereby  indicating  that  the  presence  of  nitrocellulose  had 
resulted  in  an  increase  in  the  extent  of  the  reaction  between  zirconium  and 
potassium  perchlorate. 

The  variation  in  the  exothermicity  of  reaction  with  zirconium  content  has 
been  measured  by  DSC  for  compositions  containing  10-90%  zirconium.  The 
agreement  between  the  DSC  and  adiabatic  combustion  calorimetry  studies 
suggested  that  the  reaction  in  the  region  325°C  to  520°C,  observed  by  DSC  under 
non-ignition  conditions,  represented  the  major  component  of  the  pyrotechnic 
combustion  reaction.  The  zirconium  content  corresponding  to  the  maximum 
exothermicity  given  by  the  DSC  was  in  good  agreement  with  the  value  of  56.8% 
Zr  calculated  from  the  previously  postulated  reaction  equation:-  2  Zr  +  KCIO4  ^ 
2  Zr02  +  KCI. 
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PLOT  OF  DSC  PEAK  AREA  v  NITROCELLULOSE 
CONTENT  FOR  A  SERIES  OF  KCIO4-NC  MIXTURES 


C02/mg  g 


TEMPERATURE/®C 


FIG  3  CO2  CURVES  FOR  KCIO4-NITROCELLULOSE  MIXTURES  WITH 
(A)  9.1%  NC,  (B)  3.2%  NC,  (C)  1%  NC  AND  (D)  A  1%  NC 
-99%  A1203  MIXTURE  (sample  weight,  lOmg;  heating  rate, 

5®C  min“^;  atmosphere,  helium) 
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EXOTHERMICITY/Jg" 


FIG  7  DSC  CURVES  FOR  {A)  20%  Zr-79%  KCI04-1%  NC,  (B)  50%  Zr- 
49%  KCI04-1%  NC,  (C)  70%  Zr-29%  KCI04-1%  NC  MIXTURES 
(Sample  weight,  5mg;  heating  rate,  5®C  min"^;  atmosphere,  argon) 


FIG  8  EXOTHERMICITY  MEASUREMENTS  FOR  THE  ZIRCONIUM- 
POTASSIUM  PERCHLORATE-NITROCELLULOSE  SYSTEM 
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Abstract 

The  paper  describes  the  design,  prototype  production  and  trial  of 
a  cheap  Multi  Launch  Rocket  System  simulator  pyrotechnic  device 
suitable  for  use  in  a  training  role.  The  system  was  required  to 
cover  a  30  m  radius  area  with  a  sub-munition  density  of  1  per  20 
m^.  From  safety  considerations  the  constraints  applied  were 
No  high  explosive  materials 
Electrical  initiation  for  remote  firing 
Air  burst 

Sub-munitions  and  main  munition  should  represent  no 

Hazard  to  unprotected  troops  in  the  open 

Sub  munitions  to  function  on  the  ground  and  not  in  the 
air 

The  final  design  consisted  of  a  tube  launched  munition  with  150 
sub  munitions,  dispersed  at  the  apogee  of  the  flight  by  a  burster 
charge,  which  also  ignited  delays  on  the  sub  munitions,  such  that 
they  would  reach  the  ground  seconds  before  functioning.  The 
components  used  were  manufactured  from  readily  available 
materials,  which  required  the  minimum  of  modification.  The 
standard  cardboard  firework  launch  tube  was  easily  deployed  in 
the  training  area,  prior  to  an  exercise,  either  by  burying  to  > 
half  its  length,  or  free  standing,  surrounded  by  sandbags  and  was 
capable  of  repeat  use.  10  successful  launches  have  been  achieved 
from  the  same  tube.  Simple  electric  match  initiation  of  the 
launch  propellant  started  the  necessary  complete  delay  sequence. 
Further  work  on  the  use  of  biodegradable  components,  which 
represent  a  minimal  environmental  impact,  and  reduction  of  the 
fragments  from  the  main  munition  body  are  in  progress. 
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Introduction 


During  the  academic  phase  of  the  training  programme  for 
Ammunition  Technical  Officers,  the  students  undertake  a 
munition  design  project.  The  purpose  of  the  project  is  to 
provide  the  students  with  practical  applications  for  the 
classroom  theory  before  they  handle  live  munitions.  By 
involving  the  students  in  projects,  safety  procedures  are 
developed  before  mistakes  can  prove  costly. 

The  second  purpose  of  this  project  was  to  demonstrate  a 
safe  and  cheap  training  device  to  simulate  the  effects  of  an 
incoming  MLRS  weapon  for  use  during  training  exercises.  The 
munition  specification  was 

a)  Tube  Launched 

b)  Air  Bursting 

c)  Cover  a  30  metre  radius  with  a  density  of  one  sub¬ 
munition  per  20  m^ 

d)  Sub-munitions  should  function  on  the  ground 

e)  Should  represent  no  hazard  to  unprotected  troops  in 

the 

open 

f)  Contains  No  High  Explosive  Compounds 

g)  Primary  initiation  must  be  electrical 

On  the  basis  of  the  original  specification  150  sub-munition 
would  need  to  be  dispersed  from  the  main  munition  over  the 
target  area.  The  project  divided  into  three  areas 

Sub  Munitions  -  Dimensions  and  contents 

Main  Munition  -  Arrangement  of  sub-munitions 
Delay  Element 
Bursting  charge 

Propulsion  System  -  How  to  lift  the  payload  to  the 

desired  height. 

Each  of  these  topics  was  further  subdivided  for  experimental 
purposes  but  with  the  understanding  that  they  were  often 
inter-dependant.  The  mass  of  the  sub-munitions  would  dictate 
the  lifting  capacity  required.  Also  the  safety  distances  for 
the  device  should  it  malfunction  in  the  most  harmful  manner 


would  influence  the  height  for  the  air  burst  and  hence  the 
propulsion  system  and  delay  mechanism.  All  of  the  components 
would  be  simple  to  manufacture  in  view  of  the  limited 
experience  of  the  operators. 

Sub-Munition 

The  standard  issue  MK  8  Thunderflash  contains  12  g  of  a 
Potassium  perchlorate/Magnesium/Carbon  57/37/6  flashpowder. 
After  preliminary  trials  this  composition  was  discarded  on 
the  grounds  of  limited  noise  production,  poor  storage 
properties  and  sheer  size  of  the  completed  munition  with 
over  1.8  Kg  of  flashpowder  without  any  packaging  and 
operating  components.  After  further  trials  of  a  range  of 
materials  and  mixtureson  a  70/30  mixture  of  potassium 
chlorate  and  aluminium  was  selected  as  the  active  filling. 
Ig  samples  of  this  mixture,  when  suitably  enclosed,  provided 
the  same  noise  effect  as  the  standard  thunderflash  for  an 
order  of  magnitude  less  material.  Submunitions  would  have  to 
be  ignited  by  the  bursting  charge  but  should  only  function 
after  they  had  reached  the  ground.  In  order  to  guarantee 
this  aspect  a  delay  element,  with  a  burn  time  of  2  seconds 
longer  than  the  time  taken  for  the  submunition  to  fall  to 
the  ground  from  the  burst  position,  would  be  required.  The 
delay  would  have  to  be  ignited  by  the  burster  charge.  This 
would  involve  additional  material  in  the  sub-munition  and 
determine  the  dimensions  of  the  sub-munitions. 

In  order  to  provide  the  correct  confinement  for  the 
flash  powder  to  function  correctly  the  delay  element  must 
seal  one  end  of  the  sub-munition.  After  limited  trials  a 
simple  polymer  bonded  pyrotechnic  composition  based  on 
potassium  perchlorate  oxidiser  and  hydrocarbon  fuel  was 
chosen.  Inclusion  of  strontium  oxalate  helped  to  control  the 
burn  rate  and  also  produced  a  red  light  output  from  the 
burning  delay  making  the  falling  submunitions  clearly 
visible  at  nighttime,  thus  reducing  a  potential  hazard. 
After  mixing  the  composition  to  a  paste,  it  was  hand 
pressed,  against  a  mandrill,  into  one  end  of  a  2  mm  wall 
thickness,  12  mm  i.d.,  2  5  mm  long,  wrapped  cardboard  tube. 
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to  a  depth  of  12  mm  which  was  sufficient  to  give  an  10 
seconds  delay  when  ignited.  Note  in  figure  la  the  indent  at 
the  flash  powder  end  of  the  delay  element  which  ensures 
adequate  confinement  of  the  flash  powder  during  initiation. 
The  polymer  resin  was  partially  cured  and  then  an  additional 
cap  of  first  fire  mixture  added  figure  1  a.  Again  a  polymer 
fuel  with  potassium  perchlorate  oxidiser  was  used  but  with 
the  strontium  oxalate  replaced  by  potassium  benzoate  and  5% 
aluminium  added.  Full  curing  of  the  polymer  occurred  during 
warming  overnight  in  an  oven  at  60  °C.  It  was  important  that 
the  delay  element  bonded  to  the  cardboard  wall  so  that  the 
flame  could  not  penetrate  prematurely  into- the  flash  powder. 
When  dry  1  g  of  the  flash  powder,  prepared  from  carefully 
dried  and  sieved  ingredients,  was  added  to  the  cavity  and 
the  open  tube  end  sealed  with  a  plastic  cup,  see  figure  1(b) 
Devices  made  with  wet  ingredients  gave  reduced  performance. 
These  sub-munitions  were  manufactured  in  groups  of  twenty 
and  stored  in  the  magazine,  until  sufficient  number  had  been 
made,  when  they  were  loaded  into  the  main  munition,  at  the 
remote  handling  facility. 

Main  Munition 

The  main  munition  was  a  160  mm  length  of  140  mm  o.d., 
5mm  wall  thickness,  plastic  piping,  fitted  with  two  machined 
plastic  end  plates  as  shown  in  the  figure  2.  The  design 
carried  in  the  central  hole  the  delay  device,  which  would  be 
ignited  by  the  propelling  charge  and  then  itself  ignite  the 
bursting  charge.  The  design  allowed  the  lid  to  be  shed  and 
the  sub-munitions  dispersed  without  shattering  the  body.  The 
base  was  held  in  position  using  an  epoxy  resin  glue  as  was 
the  central  delay,  a  standard  black  powder  4  second  delay 
element  used  in  firework  displays.  The  bursting  charge  of  20 
g  blackpowder  was  spread  over  the  base  of  the  assembled 
container  and  covered  with  a  cardboard  disc. 

The  submunitions  were  arranged  in  layers  in  three 
concentric  circles  on  Cambric  cloth  circles  and  taped,  with 
their  igniter  end  in  contact  with  the  Cambric  see  figure  3. 
The  four  layers  were  then  placed  in  the  munition  body  in  the 
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configuration  shown  in  figures  4  and  5.  The  central  hole  in 
each  layer  was  filled  with  a  Cambric  tube  containing  black 
powder,  which  sat  in  contact  with  the  main  delay  element. 
After  loading  all  the  submunitions  the  empty  space  within 
the  body  was  filled  with  black  powder  and  the  lid  was  press 
fitted  into  place.  A  gas  tight  seal  was  formed  by  wrapping  a 
light  adhesive  tape  round  the  joint.  The  complete  munition 
had  an  all-up  weight  of  2  Kg  which  was  considerably  less 
than  a  similar  munition  using  black  powder  and  thunder  flash 
fillings  throughout  (  Minimum  5.3  Kg  ).  Trials  with  thinner 
walled  main  bodies  were  unsuccessful  due  to  failures  in  the 
launch  tube  causing  ignited  submunitions  to  be  ejected  from 
the  launch  tube. 

Launch  System 

The  main  munition  would  be  launched  from  a  vertically 
mounted,  firework  industry  standard,  6"  diameter  3'  long 
cardboard  tube  either  ground  buried  to  a  depth  of  two  feet, 
see  figure  6  or  free  standing  surrounded  by  sandbags  along 
its  length.  This  ensured  that,  in  the  event  of  a  complete 
deflagration  on  initial  launch,  the  device  would  be 
completely  safe.  Propelling  charge  was  black  powder 
contained  in  a  plastic  cup  press  fitted  to  the  base  of  the 
main  munition  with  either,  an  Igniting  Safety  Fuse  Electric 
or,  an  electric  match  embedded  in  the  powder,  see  figure  7. 
ISFE  ignition  gave  most  reliable  initiation.  Trials  were 
conducted,  using  inert  fillings,  for  a  range  of  lifting 
charges  in  the  20  to  50  g  range,  since  the  windage,  occur ing 
around  of  the  munition,  was  greater  than  the  modelling 
programme  could  accommodate.  Flight  times  were  measured,  see 
figure  8,  and  the  heights  reached  calculated  using  Newton's 
laws  of  motion.  Half  the  flight  time  gave  time  to  maximum 
height  and  for  40  g  lifting  charge  this  was  4  secs  giving  a 
muzzle  velocity  of  --  47  m  s'”* .  Using  a  2.5  second  delay  the 
munition  would  reach  a  height  of  86  m  before  initiating  the 
bursting  sequence.  This  was  a  minimum  safety  height  for  a 
complete  deflagration  on  initiation.  Assuming  submunitions 
continue  to  fly  in  a  vertical  direction  then  a  minimum  of 


an  8  second  delay  would  be  required  to  ensure  the  sub¬ 
munitions  reached  the  ground  before  functioning  and  hence 
the  10  second  delay  chosen  for  the  submunitions. 


Field  Trials 

Each  sub  component  in  the  system  was  chosen  after 
extensive  trials  as  a  separate  unit.  The  final  complete 
assembly  was  then  trialled  and  any  modifications  required 
made  before  a  final  trial  scheme  was  undertaken.  In  these 
latter  trials  safety,  as  well  as  performance,  were  assessed. 
Two  trials  involved  deliberately  omitting  the  lifting  charge 
thereby  initiating  complete  munitions  in  the  launch  tube. 
Although  the  cardboard  tube  was  severely  damaged  no 
fragments  escaped  from  the  sandbagged  enclosure  or  were 
ejected  other  than  vertically  into  the  air  from  the 
partially  hurried  tube  giving  a  minimum  user  safety  distance 
of  50  metres. 

Ten  working  trials  of  the  complete  munition  were 
undertaken  with  the  following  results 

None  initiated  in  the  launch  tube. 

Two  tumbled  in  flight  scaterring  unlit  submunitions 

Two  resulted  in  total  initiation  by  the  bursting  charge 

at  heights  of  ~  90  m  due  to  the  lid  failing  to  eject. 

Two  dispersed  the  submunitions  over  a  10  m  radius 

due  to  the  lid  being  ejected  too  easily 

Final  four  were  succesful  with  <  5%  of  submunition 

failures 

Area  covered  25  x  40  m  approximately 
Noise  Measurements 

Part  of  the  project  was  to  produce  a  munition  with  the 
same  noise  foot-print  as  a  standard  thunderf lash.  Noise 
levels  are  very  difficult  to  measurement  since  the  ouput  is 
of  a  very  short  duration.  However  an  environmental  noise 
meter  was  erected  50  m  from  functioning  sub  munitions  and 
the  peak  output  was  found  to  be  130  dB  which  is  comparable 
with  that  from  the  standard  Mk  8  thunderf lash.  This  can  only 


be  a  guide  to  environmental  health  effects.  Further  work 
would  be  required  if  a  completed  munition  were  to  be  made. 

Further  Work 

Although  the  system  has  been  tested  for  short  term 
stability  and  compatibility.  If  a  completed  munition  is  to 
be  made  then  long  term  stability  and  compatability  studies 
will  be  required.  Also  the  complete  munition  may  require 
some  form  of  water  proofing  to  give  it  an  adequate  shelf 
life.  Since  it  is  only  designed  as  a  training  round  then 
long  term  stability  is  not  required.  Further  work  would 
develop  a  system,  which  would  not  require  the  careful  site 
preparation  used  here  even  though  firing  preparation  time 
was  only  30  minutes  for  the  assembled  device.  A  vehicl 
mounted  system  would  increase  it's  flexability 

CONCLUSIOIMS 

Final  Project  Design 

Sub-Munition 

Will  contain  1  g  of  a  70/30  KCIO4/AI  (  Pyro  Grade  )  Flash 
powder  in  a  cardboard  tube  28  mm  by  12  mm  i.d.  sealed  with  a 
plastic  cap  initiated  by  a  10  seconds  pyrotechnic  delay 
element 

Main  Munition 

Will  be  a  6"  calibre  with  4  layers  of  40  submunitions 

Will  use  a  3.5  or  4  s  pressed  gunpowder  primary  delay 
element 

Ejection  will  be  by  a  base  plate  energised  with  -  30  g 
gunpowder 

Launch  System 

Use  commercially  available  cardboard  or  Plastic  launch  tube 


II  *  f 


40  g  gunpowder  propelling  charge  held  in  a  plastic  cone  at 

the  base  of  the  munition 

ISFE  (or  Electric  Match)  initiation 
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FigurG  2  Cross-section  of  main  munition  body  showing  lip  for 
plastic  cone  containing  lifting  charges  and  central  delay  holder. 
Also  shown  is  the  arrangement  of  the  sub-munitions  on  the  cambric 
cloth 


Figure  6  Launch  tube  buried  to  half  its  length  ready  for  firing 


Figure  7  Plastic  cone  holding  propelling  charge  and  ISFE  fitted  to 
the  bottom  of  a  test  munition 
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Abstract 

A  high  pressure  facility  including  an  optical  reaction  chamber  has  been  designed  allowing 
observation  of  degradation  processes  of  propellants  and  explosives  in  supercritical  water 
combustion. 

The  first  investigations  aimed  in  an  optical  characterisation  of  the  cell.  The  results  showed  the 
strong  influence  of  water  at  the  adjusted  conditions  of  different  temperatures  and  pressures. 
The  obtained  results  may  help  to  improve  the  application  of  emission  spectroscopic  based 
diagnostics  by  including  the  determined  wavelength  dependence  of  the  transmission 
coefficient  into  the  equation  of  radiative  transfer.  The  experimental  work  will  be  continued, 
investigating  the  combustion  processes  of  military  relevant  substances  in  supercritical  water 
conditions. 

introduction 

Former  investigations  showed  that  supercritical  water  oxidation  is  an  innovative  process  with 
high  destruction  efficiency  for  degradation  of  military  waste  [1  -  4].  The  physical  properties 
of  supercritical  water  have  been  published  in  various  papers  [5,  6]. 
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To  achieve  high  conversion  ratio,  the  reactions  must  be  accelerated  to  avoid  problems  of  the 
normally  used  long  tube  reactor.  A  practical  concept  is  an  high  pressure  combustion  chamber 
because  due  to  the  higher  reaction  temperature  the  reaction  zone  is  much  smaller  so  that  for 
example  the  corrosion  problems  will  be  limited  in  an  defined  area. 

To  improve  the  combustion  kinetic  data  like  radical  concentration  and  temperature  must  been 
known.  The  quantitative  observation  of  degradation  processes  in  supercritical  water,  applying 
spectroscopic  diagnostics,  needs  a  complete  optical  characterisation  of  the  reaction  cell. 
Therefore,  in  a  first  step  a  facility  including  an  optical  combustion  chamber  has  been  designed 
allowing  detailed  investigation  of  the  reaction  mechanism. 


Experimental 

To  produce  a  diffusion  flame  a  cylindrical  high  pressure  cell  made  of  a  high  temperature 
nickel  based  alloy  is  used  with  a  80  mm  o.  d.  and  30  mm  i.  d.  with  an  inner  volume  of  30  cm^. 
In  the  longitudinal  axis  sapphire  windows  with  a  diameter  of  8  mm  which  are  sealed  on  gold 
foils  are  mounted  to  observe  the  visible  flame  and  to  analyze  the  reaction  zone  by  different 
spectroscopic  methods.  In  the  middle  of  the  cylinder  axis  the  cell  is  equipped  with  four 
drillings  to  adapt  high  pressure  pipes  in  an  angle  of  90°.  Three  of  them  are  used  to  feed  the 
different  fluids  in  the  fourth  a  thermocouple  is  mounted  to  measure  the  temperature  of  the 
contents  in  the  cell.  The  cell  can  be  heated  electrically. 

The  fuel  and  the  oxidizer  are  each  fed  in  pressure  intensifiers  (406,  412)  with  a  pressure  of 
100  bar.  The  low  pressure  side  of  the  pressure  intensifiers  is  filled  with  hydraulics  oil.  It  is 
pressurized  by  nitrogen.  The  nitrogen  is  pressurized  by  a  compressor  (400)  up  to  140  bar  and 
fed  into  a  pressure  vessel  (401).  So  the  mass-flow  of  the  fuel  and  the  oxidizer  can  be  regulated 
by  the  valves  in  the  hydraulics  oil.  The  intensifier  ratio  of  1:8  of  the  pressure  intensifiers 
allows  to  compress  the  gases  up  to  1100  bar. 

Via  sensitive  high  pressure  valves  (407,  414)  the  fuel  and  the  oxidizer  are  fed  from  the 
pressure  intensifiers  into  the  high  pressure  cell.  The  oxidizer  is  fed  through  the  drilling  below 
the  cell  through  a  nozzle  with  a  diameter  of  0.5  mm,  the  fuel  is  feed  through  a  pipe  at  the  side 
of  the  cell. 
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The  water  is  fed  in  the  cell  from  the  top  either  through  a  manual  pump  (102)  or  via  a  hydraulic 
powered  pressure  intensifier  (301). 

The  combustion  products  can  be  taken  up  in  pressure  intensifiers  (302,  305)  through  the  water 
in  and  outlet  drilling  on  top  of  the  cell.  The  hydraulic  oil  of  the  pressure  intensifiers  can  be 
drained  off  through  a  valve  (316),  so  the  pistons  in  the  intensifiers  move  slowly  back  and  take 
up  a  part  of  the  cell  contents.  So  the  combustion  products  are  continuously  feed  out  of  the  cell 
and  can  be  analyzed  separately. 


Technical  Data  of  the  Facility; 

•  pressure  up  to  1000  bar 

•  temperature  500°C 

•  three  separate  mass-flows; 

-  water 

-  fuel 

-  oxidiser 

•  volume  of  the  intensifiers:  500  ml 

•  max.  duration  of  experiments:  20  -  30  min. 

•  central  control  unit  behind  a  safety  wall 


Technical  Data  of  the  Spectrometer: 

•  Optical  Multichannel  Analyser  Spectrometer 

•  used  range  250  -  550  nm 

•  minimum  exposure  time  of  diode  array  about  10  ms 

•  grating  with  2400  grooves  per  mm 

•  intensified  diode  array  1024  elements 

•  wavelength  resolution  1  nm 
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Results  and  Conclusions 

Figure  2  shows  the  transmission  of  sapphire  windows  at  different  states  of  wear  applied  in  the 
reaction  chamber.  The  transmission  in  the  UV  and  VIS  of  new  sapphire  is  comparable  to 
quartz  (70  -  90%  transmission).  The  graphics  proves,  that  even  after  a  short  use  in  the 
supercritical  water,  the  transmission  in  the  ultraviolet  spectral  range  is  strongly  decreased  to 
20  to  30%.  Further  application  reduces  the  transparency  to  5%  in  the  whole  investigated 
spectral  range.  Polishing  with  diamond  paste  increases  the  transmission  coefficient  to  0.2  in 
the  UV  and  0.5  in  the  VIS. 


Transmission  Sapphire  Windows 


Fig.  2:  Transmission  of  sapphire  windows  (spectral  range  250  to  550  nm) 
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To  investigate  the  optical  influence  of  cold  water  (300  K),  the  transmission  I  at  different 
pressures  normalised  to  the  intensity  recorded  from  the  cell  without  water  Iq,  has  been 
determined.  The  wavelength  dependent  intensity  distribution  is  given  in  Figure  3.  A  strong 
absorption  has  been  detected  at  300  nm.  In  the  visible  spectral  range,  the  intensity  ratio  I/lo 
rises  from  0.8  to  1.1,  depending  on  pressure.  From  Fresnel-Equations  the  reflection  at  the 
sapphire  surfaces  can  be  calculated.  With  cold  water,  the  transmission  increases  about  10% 
(density  1000  kg/m^).  Assuming  constant  density  (cold  water)  the  pressure  dependence  on 
optical  geometry  can  be  worked  out.  The  sapphire  windows  (with  plane  surfaces  at  0  MPa)  are 
getting  a  spherical  surface  at  high  pressure,  which  is  shifting  the  focus  of  the  optics  ‘lens 
effect’,  so  that  scattered  light  of  the  inner  cell  is  observed  in  dependence  of  pressure  and 
wavelength.  Maximum  transmission  is  observed  between  20  to  30  MPa.  This  dependence  is 
shown  in  detail  for  500  nm  in  the  same  plot. 


Transmission  of  Water  at  20°C 

pressure  [bar] 


Fig.  3:  Transmission  of  water  at  300  K 
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In  supercritical  state,  the  transmission  behaviour  changes  (see  Fig.  4).  The  minimum  is  shifted 
to  shorter  wavelength  about  280  nm.  The  intensity  ratio  J/lo  in  the  UV  increases  to  0.9. 
Observed  transparency  in  the  VIS  is  at  any  wavelength  more  than  100%.  Minimum 
transmission  has  been  detected  at  30  MPa.  A  significant  change  happens  between  50  and  60 
MPa.  An  additional  pressurising  to  100  MPa  leads  to  continuous  increase  of  transmission. 
Additional  in  the  hot  state  the  pressure  dependence  of  the  density  is  playing  a  role,  so  that  at 
diminished  density  the  absorption  is  getting  smaller  while  the  ‘lens  effect’  at  high 
temperatures  is  increasing. 


Transmission  of  Water  at  460°C 


0.8-J - ^ ^ - 1 - ^ - 1 — ^ ^  I  r 

300  350  400  450  500 

wavelength  [nm] 


Fig.  4:  Transmission  of  water  at  733  K 


82 


This  fundamental  investigations  show  as  an  example  the  exigency  of  a  detailed  determination 
of  optical  characterisation  working  at  supercritical  conditions.  Applying  emission 
spectroscopic  diagnostics  without  this  detailed  knowledge  may  lead  to  wrong  results.  Former 
spectroscopic  investigations  of  supercritical  water  combustion  determined  the  temperature 
from  the  intensity  distribution  of  the  A-X  0-0  band  of  OH  [7,  8]  at  309  nm.  Considering  the 
here  obtained  results  may  lead  to  an  improvement  of  this  diagnostic  method  by  including  the 
wavelength  dependent  transmission  into  the  equation  of  radiative  transfer. 

The  experimental  work  will  be  continued,  investigating  the  combustion  processes  in 
supercritical  water  of  military  relevant  substances.  Degrading  abandoned  polluted  areas  and 
toxical  waste  especially  heavy  metals  in  pyrotechnic  formulations  will  be  of  future  interest. 
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ABSTRACT 

12,469  samples  of  62  propellant  types  produced  in  Synthesis  a.s.  and  stored  under  normal 
conditions  were  periodically  tested  for  chemical  stability  and  obtained  data  set  analyzed. 
Results  of  heat  test  at  1 00  ®C,  Bergmann  -  Junk  test  and  vacuum  stability  test  are  discussed 
with  respect  to  chemical  composition  of  samples  and  duration  of  their  storing.  The 
conclusion  is,  that  supposed  drop  of  values  of  heat  test  at  100  ®C  during  storage  of 
propellant  was  relatively  small  for  double  base  propellants.  A  significant  increase  in  results 
of  this  test  was  observed  during  first  period  of  storing  for  some  nitroglycerine  and  single 
base  propellants.  In  case  of  selected  single  base  propellants  we  can  observe  that  the 
dependencies  of  100  ®C  and  Bergmann  -  Junk  test  results  on  duration  of  storing  are 
strongly  nonlinear  and  non  monotonous  and  that  the  difference  between  the  computed 
curves  for  individual  tests  is  significant. 

INTRODUCTION 

Heat  test  at  100  «C,  Bergmann  -  Junk  test  at  132  «C  and  manometric  vacuum  stability  test 
in  vacuum  (STABIL)^^’^^  have  been  mostly  used  to  check  propellant  chemical  stabilities  in 
Czech  Republic  and  former  Czechoslovakia.  Several  tenths  of  thousand  measurements  have 
been  performed  during  last  forty  years  and  the  results  indicate  some  interesting  features  of 


these  tests. 


THEORETICAL  PART 


Heat  test  at  100  :  10  g  sample  is  heated  at  100  ®C  in  glass  test  tube  until  the 

appearance  of  yellow,  red  or  brown  fumes  are  observed.  The  test  tube  is  closed  one  hour 
after  beginning  of  heating,  stopper  is  removed  from  the  tube  for  1 0  minutes  once  in  24 
hours. 

Stability  test  according  to  Bergmann  -  Junk^^^  :  5  g  dried  sample  of  single  base  propellant 
is  heated  5  hours  at  132  ®C,  released  gases  are  dissolved  in  water  and  titrated.  The  value 
obtained  by  recalculating  of  total  volume  of  released  acid  gases  to  nitrogen  oxide  is  a 
measure  of  chemical  stability. 

Vacuum  stability  test  (STABIL)^^'^^ :  Evacuated  test  tube  containing  2  g  of  sample  is  heated 
5  hours  at  115  ®C.  The  value  obtained  by  recalculating  of  total  volume  of  gases  released 
during  20  hours  to  nitrogen  oxide  is  a  measure  of  chemical  stability. 

DATA  ANALYSIS 

12,469  samples  of  62  propellant  types  produced  in  Synthesia  a.s.  within  1947  and  1988 
were  stored  under  normal  conditions  in  magazines  and  periodically  tested  for  chemical 
stability.  Analyzed  data  set  contains  20,517  results  of  heat  test  at  100  °C  and  additional 
results  of  other  tests  (i.g.  Bergmann  -  Junk  test  or  vacuum  stability  test)  if  performed.  The 
propellant  types  discussed  can  be  divided  into  these  groups:  single  base  (marked  Nc,  Nc 
F,  NC  Cl),  and  double  base  groups  -  nitroglycerine  (compositions  Ng  7.85,  Ng  8.85,  Ng  9.0, 
Ng  12.0,  Ng  KV,  Ng  R1 ,  NBL  -  60,  vz.  43  and  TPH  -  G)  or  diglycoldinitrate  (compositions  Dg 
7.5,  Dg  8.0,  Dg  8.15,  Dg  8.5,  Dg  9.0,  Dg  RM,  Dg  RMCI).  Figure  1  shows  content  of  stabilizer 
(ethylcentralite)  and  heat  of  explosion  of  the  double  base  propellants  discussed.  All  of  single 
base  propellants  are  stabilized  by  diphenylamine  and  those  marked  Nc  F  are  surface 
treated  by  ethylcentralite. 
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The  results  of  heat  test  at  100  ®C  for  the  above  mentioned  propellant  compositions  are 
shown  in  figure  2  by  boxplots,  figures  3  and  4  demonstrate,  how  the  results  change  with 
years  of  storage  under  normal  conditions  (local  regression^^^  and  99  %  confidence  intervals 
were  used  for  computation  and  graphing;  4010  resp.  4257  measurements  were  used). 


Boxplots  in  figure  5  are  based  on  4411  measurements  of  Bergmann  -  Junk  test  of  17 
selected  single  base  propellant  types.  The  first  seven  types  (of  very  similar  chemical 
composition  and  without  surface  treatment)  were  chosen  to  illustrate  dependence  of 
measured  results  of  stability  test  on  duration  of  storing  in  magazine.  These  relations  are 
graphed  in  figures  6  and  7.  The  computed  shapes  of  curves  were  not  dependent  on  the 
date  of  production  of  the  propellant  and  on  type  of  propellant  (it  was  proved  by  graphing 
of  parts  of  this  data  set). 

Results  of  vacuum  stability  test  of  TPH  -  G  propellant  are  shown  in  figure  8. 
CONCLUSIONS 

When  comparing  the  results  of  heat  test  at  100  «C  of  double  base  propellants,  the  mean 
values  computed  for  each  type  of  propellant  are  in  good  accordance  with  its  chemical 
composition  (the  test  gives  higher  values  for  higher  stabilizer  content  and  lower  values  for 
higher  heat  of  explosion  of  the  sample).  Supposed  drop  of  values  of  heat  test  at  100  ®C 
during  propellant  storage  for  individual  types  of  propellants  is  relatively  small,  even  in  case 
of  low  stabilized  propellants  (NBL,  Dg  RM).  On  the  contrary,  a  significant  increase  of  results 
of  heat  test  at  100  ®C  during  first  five  years  of  storing  was  observed  at  some  highly 
stabilized  nitroglycerine  propellants  (TPH  -  G,  Vz.  43  and  Ng  7.85).  The  hypothesis  of 
Increasing  chemical  stability  of  last  mentioned  highly  stabilized  propellant  types  is  also 
supported  by  vacuum  stability  test  dependence  shown  in  figure  8. 

Higher  levels  of  heat  test  at  100  ®C  results  were  measured  for  single  base  propellants 
containing  diphenylamine  and  ethylcentralite  than  for  those  without  centralite,  but  the  same 
trend  was  observed  in  case  of  Bergman  -  Junk  test.  Dependencies  of  results  of  heat  test 


at  100  °C  and  Bergman  -  Junk  test  on  duration  of  storing,  measured  for  the  same  sample 
are  shown  in  figures  6  and  7.  It  is  obvious  that  the  computed  curves  are  non  linear,  non 
monotonous  and  that  their  shapes  differ  significantly  for  individual  tests. 


Interpretation  of  the  above  mentioned  results  is  complicated  but  on  the  basis  of  these 
results  it  is  possible  to  eliminate  the  hypothesis  of  significant  decrease  of  propellant  chemical 
Stability  during  first  15  years  of  storing. 
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Figure  5  Nitrocellulose  propellants 


Figure  8 
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Abstract 

Some  components  of  the  sintox  primer  composition,  which  was  introduced  into  German  ammu¬ 
nition  in  the  early  1980’s,  were  investigated  by  isothermal  heat  flow  calorimetry.  From  the  ob¬ 
tained  data  kinetic  parameters  such  as  activation  energy  and  frequency  factor  were  calculated  by 
linear  regression  analysis.  The  heat  flow  calorimetric  results  were  compared  with  those  coming 
from  ’’classical”  thermoanalytical  methods  such  as  DTA,  TG  and  DSC,  where  tetracene  with 
Ea  =  205  kJ/mol  showed  a  very  good  agreement,  while  diazole  reveals  a  much  smaller  activation 
energy  (127  kJ/mol)  at  the  investigated  temperature  range  (80  to  50°C).  There  is  no  evidence  for 
a  change  in  the  reaction  mechanism  or  the  activation  energy  of  the  decomposition  reaction  in  the 
interesting  temperature  range  as  it  is  usually  found  in  propellants. 

We  also  looked  at  the  specific  heat  production  rate  of  primer  compositions  (sintox  and  sinoxide). 
From  all  results  we  calculated  the  shelf  life  time  of  the  explosives,  where  a  loss  of  60%  of  the 
tetracene  resp.  diazole  content  in  two  complete  primers  is  assumed. 

Zusammenfassung 

Einige  Verbindungen,  die  in  Sintox-Anzimdhutchen  (welche  in  den  fnihen  achtziger  Jahren  in 
die  deutsche  Munition  eingefuhrt  wurden)  enthalten  sind,  wurden  mit  Hilfe  der  isothermen  War- 
meflufikalorimetrie  untersucht.  Aus  den  erhaltenen  Daten  wurden  kinetische  Parameter  wie  Akti- 
vierungsenergie  und  vorexponentieller  Faktor  mittels  linearer  Regression  ermittelt.  Die  warme- 
flufikalorimetrischen  Daten  wurden  mit  jenen,  die  in  den  sog.  ’’klassischen”  thermoanalytischen 
Methoden  wie  DSC  (DDK),  DTA  oder  TG  gewonnen  wurden,  verglichen.  Dabei  konnte  fur 
Tetrazen  mit  Ea  =  205  kJ/mol  eine  sehr  gute  Ubereinstimmung  beobachtet  werden,  wahrend 
Diazol  im  untersuchten  Temperaturbereich  (80  bis  50°C)  eine  deutlich  niedrigere  Aktivie- 
rungsenergie  (127  kJ/mol)  aufweist.  Es  ergaben  sich  keine  Hinweise  fur  einen  Wechsel  im  Re- 
aktionsmechanismus  oder  der  Aktivierungsenergie  im  genannten  Temperaturbereich,  wie  sie 
gewohnlicherweise  bei  der  Untersuchung  von  Treibladungspulvem  gefimden  werden. 

Wir  haben  ebenfalls  die  spezifische  Warmeproduktionsrate  von  kompletten  Anzundhiitchen 
(Sintox  und  Sinoxid)  gemessen  und  von  alien  untersuchten  Explosivstoffen  Gebrauchslebens- 
zeiten  (wobei  ein  Tetrazen-  bzw.  Diazolverlust  von  60%  zugrundegelegt  wurde)  berechnet. 


1  ■  The  sintox  composition 

During  the  1970’s  people  became  conscious  about  the  health  risks  of  the  reaction  products  of 
primer  mixtures  while  using  ammunition  with  sinoxide  primers.  Especially  the  lead  content  of 
the  sinoxide  composition  was  criticized,  the  threshold  limit  value  for  lead  was  exceeded  on  an 
average  6.6  fold  in  the  area  of  the  supervising  personnel,  when  they  were  exposed  to  the 
emissions  for  8  hours  a  day.  Even  high  levels  of  lead  concentrations  could  be  found  in  the  blood 
of  firers  and  supervisory  personnel  [1]. 


So  a  new,  lead-,  barium-  and  antimony-free  primer  composition  was  developed  by  the  Dynamit 
Nobel  AG  in  the  years  between  1977  and  1980  [2],  As  well  as  the  sinoxide  composition  it  con¬ 
sists  of  a  sensitizer,  a  primary  explosive  material  and  a  pyrotechnic  system  (table  1)  [3]. 

Table  1 


Chemical  structure  of  sinoxide  and  sintox  compositions 


composition 

sinoxide 

sintox 

sensitizer 

tetracene 

tetracene 

primary  explosive  material 

lead  tricinate  (lead  styphnate) 

diazole 

pyrotechnic  system 

Ba(N03)2/Sb2S3/CaSi 

Zn02/Ti/CaSi/Al 

energetic  filling  material 

propellant  (double-base) 

In  addition  the  double-base  propellant  .30  carbine  is  used  as  an  energetic  filler  in  sintox  primers. 


After  successful  investigations  about  the  stability  and  reliability  of  the  sintox  primer  composition 
it  was  introduced  into  the  German  army’s  ammunition  in  the  early  1980’s  [2,3].  But  still  some 
questions  about  the  chemical  stability  remain  unanswered  [7b],  combined  with  several  problems 
connected  with  the  shelf  life  prediction  of  the  new  primer  composition. 


Diazole  (2,4-dinitro-6-diazophenole) 


Tetracene 


2.  Heat  flow  measurements 

A  relatively  new  method  for  checking  the  stability  of  explosives  is  the  isothermal  heat  flow  ca¬ 
lorimetry.  It  gives  us  additional  information  about  the  kinetics  of  the  decomposition  reaction  to 
the  well-established  thermoanalytical  methods  like  DTA,  DSC  and  TG  [4].  By  combining  these 
results  with  those  of  the  heat  flow  calorimetry  a  reliable  description  of  the  kinetics  of  the  decom¬ 
position  reactions  can  be  made.  The  method  of  isothermal  heat  flow  calorimetry  was  developed 
in  the  1960’s  and  70’s  [5].  In  the  past  decade  a  new  generation  of  capable  heat  flow  calorimeters 
were  produced. 

The  heat  flow  measurements  were  conducted  in  a  TAM  microcalorimeter.  The  data  were  col¬ 
lected  with  a  486-SX25  IBM-compatible  computer. 

The  basic  principle  is  that  the  heat  produced  by  any  process  within  the  sample  is  completely 
exchanged  with  a  surrounding  heat  sink  which  is  maintained  at  a  constant  temperature.  If  a  che¬ 
mical  reaction  occurs  in  the  sample  a  small  temperature  difference  arises  which  causes  a  (small) 
heat  flow.  With  highly  sensitive  thermopiles  around  the  reaction  vessel  these  small  temperature 
differences,  which  are  directly  proportional  to  the  heat  flow,  can  be  detected.  The  functional  de¬ 
sign  of  a  heat  flow  calorimeter  ist  outlined  in  figure  1  [6]. 


Figure  1:  Functional  design  of  a  heat  flow  calorimeter 

Before  a  measurement  can  be  carried  out  an  accurate  calibration  of  the  sample  and  the  reference 
vessel  has  to  be  made. 

From  the  resulting  specific  heat  production  rates  which  are  recorded  at  different  constant  bath 
temperatures  the  kinetic  parameters  of  the  decomposition  reaction  can  be  calculated  according  to 
(1),  where  a  reaction  with  zero  order  and  a  temperature  independent  frequency  factor  are 
assumed. 

q  =  C  *  e  RT  (1) 

with  q  =  specific  heat  production  rate  [pW/g] 

C’  =  preexponential  (frequency)  factor  [W/kg] 

Ea  =  activation  energy  [kJ/mol] 

R  =  universal  gas  constant  [J/K-mol] 

T  =  ambient  (bath)  temperature  [K] 

An  Arrhenius  plot  (Ig  q  vs.  IOVT)  gives  us  both  values  of  C’  and  Ea,  from  which  life  time 
predictions  can  be  made  (see  below). 


3,  Results 


We  measured  the  specific  heat  production  rate  of  single  components  of  the  sintox  composition  as 
well  as  of  complete  sintox  and  sinoxide  primers. 


lA  Diazole  and  tetracene 


About  1.8  g  of  each  compound  were  introduced  into  the  sample  vessel.  The  reference  vessel  re¬ 
mained  empty.  The  preceding  calibration  occurred  with  two  empty  vessels.  Typical  heat  flow 
curves  of  these  compounds  are  sketched  in  figures  2  and  3. 


Time  [hrs] 

Tetracene  80°C 
Tetracene  70  °C 
Tetracene  60  °C 

Figure  2:  Heat  flow  measurements  of  tetracene  at  different  temperatures 


Diazole  60  °C 

Diazole  70  °C  first  measurement 
Diazole  70  “C  second  measurement 


Figure  3:  Heat  flow  measurements  of  diazole  at  different  temperatures 


As  can  be  seen,  there  are  huge  differences  between  the  behaviour  of  diazole  and  tetracene. 
Whereas  the  shape  of  the  diazole  curve  (at  least  at  the  investigated  range  of  decomposition)  is 
more  similar  to  a  typical  propellant  decomposition  process  with  a  constant  value  of  q  at  the  end 
of  the  measurement,  tetracene  reveals  a  constant  increase  of  heat  generation  with  time.  This  fact 
requires  a  different  method  of  evaluation  (see  chapter  3.2). 

It  can  also  be  seen,  that  the  second  measurement  of  the  same  sample  of  diazole  at  70°C  shows 
different  behaviour  in  the  beginning  (no  preliminary  "dirt”  effects)  but  nearly  the  same  constant 
q  in  the  end. 

In  the  case  of  diazole  it  is  possible  to  use  the  constant  heat  production  rate  for  the  calculation  of 
the  kinetic  parameters  like  it  is  usually  realized  with  propellant  measurements.  The  shape  of  the 
tetracene  heat  production  rate  makes  it  nearly  impossible  to  find  a  period  with  constant  q,  espe¬ 
cially  at  elevated  temperatures  (>  70°C,  see  table  2  and  figure  2).  The  method  of  evaluation 
using  an  autocatlytic  model  is  outlined  in  chapter  3.2. 

The  specific  heat  production  rates  of  these  two  compounds  are  presented  in  table  2. 

Table  2 

specific  heat  production  rates  of  diazole  and  tetracene  [pW/g] 


bath  temperature  [°C]  |  diazole  tetracene 


48,9 

36,8 

31,4 

18,4 

15,2 

5,20 

6,36 

1,90 

4,08 

0,79 

tetracene 


56,7 


tetracene  ^ 


39,2/41,0 


16,2/16,3 


6,4/  6,2 


2,05/  1,98 


a)  constant  heat  production  rate 

b)  average  of  two  values  after  20  h 

c)  value  after  60  h  ^ 

d)  value  after  15/20  h  with  a  defined  small  hole  in  the  cap  of  the  sample  vessel 

e)  no  evaluation  of  data  possible  because  the  specific  heat  production  rate  is  too  small 
-  not  determined 


The  Arrhenius  plot  of  the  diazole  experiments  is  presented  in  figure  4. 


‘  The  defined  small  hole  in  the  caps  of  the  sample  vessel  causes  a  certain  evaporation  of  volatiles  off  the  sample 
and  simulates  more  precisely  the  conditions  in  primers.  As  can  be  seen  the  decrease  of  the  specific  heat  production 
rates  (compared  with  the  experiments  with  a  tightly  closed  vessel)  is  much  bigger  at  elevated  temperatures,  whereas 
at  65°C  the  values  are  in  good  agreement  with  the  ’’closed  vessel”  experiments  (entry  2) 
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Figure  4.  Arrhenius  plot  of  diazole 


3.2  Evaluation  of  kinetic  data  of  tetracene 

Although  during  the  measurements  only  a  relatively  small  reaction  degree  is  obtained,  a 
systematic  increase  -  at  least  at  higher  temperatures  -  of  the  heat  production  rate  during  an 
isothermal  period  can  be  observed.  This  is  due  to  an  autocatalytic  acceleration  of  the  reaction  and 
is  compatible  with  TG  and  DSC  measurements  of  tetracene.  So  an  evaluation  after  a  reaction 
model  of  zero  order  is  no  longer  sufficient  but  has  to  be  replaced  by  a  more  relevant  equation 
like  the  model  of  first  order  with  autocatalysis.  It  also  must  be  mentioned  that  the  autocatalysis 
constant  B,  which  stands  for  the  degree  of  acceleration  might  only  be  determined  somewhat 
inexactly  because  of  the  small  turnover  rate.  The  reaction  model  of  first  order  with  autocatalysis 
is  described  by  the  following  equation  (2): 


-Ea 

q  =  (l-a)*[l  +  (B-l)*a]*c’*e 

withc’=  lOOO  AH  A  [W/kg] 

AH  =  reaction  enthalpy  (here  600  J/g) 

A  =  (usual)  frequency  factor  (s‘^) 
a  =  reaction  degree 
B  =  autocatalysis  constant 
f(a)  =  (l-a)[l+(B-l)a] 

The  reaction  degree  a  can  be  calculated  from  Ah/AH  (Ah  stands  for  the  sum  of  the  partial 
reaction  enthalpies  of  every  entry  until  the  point  of  evaluation).  The  kinetic  parameters  were 
estimated  from  the  logarithmic  form  of  (2).  If  one  plots  In  (q/f(a))  vs.  1/T  a  straight  line  should 
result  if  the  kinetic  model  is  correct. 

In  table  3  the  calculated  values  of  c',  the  activation  energy  and  constant  B  are  collected. 


If  B  takes  the  value  1 ,  we  have  a  simple  first  order  kinetic  model  without  autocatalysis 


2 
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Sinoxid  80°C 
■■  ■  Sinoxid  70  °C 


Figure  7:  Heat  flow  measurements  of  sinoxide  primers  at  different  temperatures 


Time  [hrs] 

Sintox  80  °C 
““  Sintox  70  °C 
Sintox  60  °C 

Figure  8:  Heat  flow  measurements  of  sintox  primers  at  different  temperatures 

For  the  evaluation  of  data  we  used  the  constant  q  values  at  the  end  of  each  measurement. 
Because  of  the  inhomogenities  of  the  samples  material  we  obtained  remarkable  differences  in 
double  determinations  (see  table  4).  Only  the  marked*  entries  are  used  for  further  calculations 
and  are  presented  in  figures  8  and  9.  The  results  of  the  investigations  are  collected  in  table  4. 


Table  4 

specific  heat  production  rates  of  complete  sintox  and  sinoxide  primers  [pW/g  tetracene] 


bath  temperature  [°C] 

sinoxide  (DM  1032B1) 

sintox  (DM  1448) 

80 

73,7/143 

1624*/618 

75 

12,8/153* 

944*/304 

70 

a)  /50,5* 

622*/  93 

65 

5,86/11,7* 

146*/133 

55 

a)  /  a) 

31,0*/21,3 

45 

a)  /  a) 

11,0*/  - 

a)  no  evaluation  of  data  possible  because  the  specific  heat  production  rate  is  too  small 
-  not  determined 


m  [i/K] 


1/T  [l/K] 


Figure  9:  Arrhenius  plot  of  sinoxide  Figure  10:  Arrhenius  plot  of  sintox 

primers  primers 


3.4  Kinetic  data  of  the  decomposition  reactions 

From  the  obtained  heat  flow  results  the  activation  energies  and  the  frequency  factors  are  calcu 
lated.  Both  values  were  fitted  by  a  linear  regression  analysis.  They  are  collected  in  table  5.  In 
table  6  a  comparison  between  heat  flow  calorimetric  and  thermoanalytical  (DSC,  TG,  DTA) 
[7,  8]  results  is  presented. 


Table  5 

Kinetic  data  of  primer  compounds  and  primer  compositions 


compound 

diazole 

tetracene 

activation  energy 

[kJ/mol] 

ms 

205  b) 

252 

146 

frequency  factor 

[W/kg] 

6,7'10^®b) 

storage  temperature 

[‘^C] 

59 

56 

57 

35 

shelf  life  time  at  SO^C 

[yrs] 

280 

>  1000 

>  1000®^ 

86 

a)  referring  to  the  tetracene  content 

b)  entry  2  of  table  3 

c)  the  storage  temperature  for  a  lifetime  of  10  years 

d)  the  period  of  time,  in  which  60%  of  the  diazole  content  is  lost 

e)  the  period  of  time,  in  which  a  total  loss  of  60%  of  the  tetracene  content  [7b]  occurs. 
The  calculation  is  according  to  (3)  [9] 


AH*10* 

*86400*  365 ‘qjos 


(3) 


with  AH  =  heat  of  reaction  [J/g] 

9303  ^  specific  heat  production  rate  at  303  K,  calculated  from  kinetic  parameters 
according  to  (1)  [pW/g] 


84  -  10 


Table  6 


Comparison  between  heat  flow  calorimetric  and  thermoanalytical  results  [7,  8] 


compound 

^■i 

diazole 

tetracene 

sinoxide 

sintox 

activation  energy 

■lagnTaii 

205 

252 

146 

frequency  factor  C’ 

6,7-10^^ 

activation  energy 

[kJ/mol] 

178 

200 

259"^ 

176 

frequency  factor  C’ 

[W/kg] 

1,1-10^'* 

- 

2,7-10^’ 

- 

method 

TG,  DSC,  NMR 

DSC 

isothermal  TG 

temperature  range 

[°C] 

80-150 

110-150 

85-95 

storage  temperature  e) 

[X] 

66 

57 

64 

51 

a)  from  heat  flow  calorimetric  investigations 

b)  from  thermoanalytical  methods  as  described  in  line  6 

c)  for  an  Avrami-Erofeev  rection  model  [f(a)  =  (l-a)  (-ln(l-a))P] 

d)  evaluation  according  to  Kissinger  [10]  from  different  heating  rates  from  0.1  to  1  K  min''  and  different  peak 
temperatures 

e)  the  storage  temperature  for  a  lifetime  of  10  years 


4  Discussion 

Both  diazole  and  tetracene  show  a  linear  Arrhenius  plot  and  easy-to-calculate  kinetic  data.  Be¬ 
tween  80  and  50°C  seem  to  be  no  changes  in  reaction  mechanism  or  activation  energy  at  lower 
temperatures,  as  they  can  be  regularly  found  e.g.  in  propellants^ . 

While  the  activation  energy  of  the  decomposition  reaction  of  diazole  only  a  value  of  about  130 
kJ/mol  was  found,  it  is  much  higher  in  the  case  of  tetracene.  The  tetracene  results  (Ea=  205 
kJ/mol)  are  in  good  agreement  with  the  data  gained  by  other  thermoanalytical  methods.  The 
kinetic  model  of  a  zero-order  rate  constant  seems  to  be  correct  for  the  investigated  early  state  of 
decomposition  of  diazole.  The  reaction  of  tetracene  is  better  described  by  a  first-order  autocata- 
lytic  model.  After  66  hrs  the  total  reaction  degree  a  of  tetracene  is  at  1,29  %  (80°C)  or  at  0,55  % 
(65 °C),  respectively'* . 

Comparing  sinoxide  and  sintox  primers  it  is  obvious  that  the  specific  heat  production  rate  of  the 
sintox  composition  is  much  higher.  The  reason  for  this  is  the  higher  tetracene  content  and  ist 
somewhat  lower  stability  in  this  mixture.  The  heat  produced  by  the  decomposition  reactions  are 
added,  whieh  makes  it  difficult  to  do  a  correct  calculation  of  the  total  activation  energy  and  of 
the  total  frequency  factor.  But  it  could  be  shown  that  the  heat  production  between  80  and  60°C  is 
mainly  due  to  the  decomposition  of  tetracene  in  the  interesting  temperature  region  between  1 00 
and  20°C.  So  the  calculation  of  the  shelf  life  time  of  the  sintox  primers  is  mainly  the  result  of  the 
decomposition  rection  of  tetracene. 


^  The  latest  results  of  our  investigations  show  a  remarkably  ’’high”  amount  of  heat  generation  of  tetracene  at  50°C 
(0.3-0. 4  pW/g).  It  was  not  possible  to  find  out,  whether  this  is  an  artefact  due  to  impurities/inhoraogenities  or 
whether  there  is  a  change  in  activation  energy  at  these  low  temperatures.  Until  the  conference  begins  we  will  have 
found  it  out  and  present  it  on  the  poster. 

Comparison  of  the  total  energy  emitted  with  the  reaction  enthalpy  (600  J/g) 


84  -  11 


The  only  heat  generating  compound  of  the  sinoxide  composition  is  tetracene,  the  "inorganic” 
materials  and  lead  styphnate  are  quite  stable  even  at  temperatures  above  100°C.  With  the  rela¬ 
tively  small  tetracene  content  in  these  primers  the  specific  heat  production  rate  is  smaller  com¬ 
pared  with  that  of  pure  tetracene.  The  different  chemical  surrounding  of  tetracene  in  these  pri¬ 
mers  (compared  with  the  pure  microcrystalline  material  we  used  for  our  first  investigations) 
causes  a  different  behaviour,  e.g.  no  autocatalytical  increase  of  the  heat  production  is  observed  at 
80°C. 

It  is  obvious,  that  a  good  agreement  of  the  storage  temperatures  for  a  lifetime  of  ten  years  in  all 
cases  except  sintox  primers  between  heat  flow  calorimetry  and  other  thermoanalytical  methods  is 
found  (tables  5  and  6).  The  observed  differences  with  sintox  might  be  due  to  the  decomposition 
of  the  nitrocellulose  containing  sealing  lac. 


5  Conclusions 

It  could  be  demonstrated  that  it  is  possible  to  determine  the  specific  heat  production  rate  of  pri¬ 
mer  compounds  and  compositions  by  isothermal  heat  flow  calorimetry.  From  these  data  the  kine¬ 
tic  parameters  of  the  decomposition  reactions  could  be  calculated  according  to  Arrhenius.  In  the 
case  of  pure  tetracene  a  first-order  reaction  model  with  autocatalysis  was  used. 

They  are  in  the  case  of  tetracene  and  sinoxide  in  good  agreement  with  the  values  obtained  by 
other  thermoanalytical  methods,  whereas  the  decomposition  reaction  of  diazole  has  a  remarkably 
lower  activation  energy  compared  with  the  TG/DSC/NMR  results  obtained  at  80-1 50°C.  Never¬ 
theless  the  storage  temperature  for  a  lifetime  of  ten  years  does  not  differ  markedly  caused  by 
"kinetic  compensation". 

Because  of  the  complexity  of  the  decomposition  reactions  in  the  sintox  composition  (three  diffe¬ 
rent  "unstable”  compounds  [double-base  propellant,  diazole  and  tetracene]  are  present)  it  is  not 
easy  to  calculate  reliable  kinetic  parameters.  But  it  can  be  predicted  that  at  room  temperature  no 
measurable  heat  production  might  be  observed. 
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Kurzfassung 

Erste  Ergebnisse  thermoanalytischer  Untersuchungen  (DSC,  EGA)  an 
Trimethylaluminium  (TMAl),  Triethylgallium  (TEGa)  und  Trimethylindium 
(TMIn)  werden  beschrieben. 

Abstract 

Preliminary  results  on  the  thermal  decomposition  of  trimethylaluminium, 
triethylgallium  and  trimethylindium  by  DSC  and  EGA  are  presented. 

Einleitung 

Metallorganische  Verbindungen  wie  die  Trialkyle  von  Aluminium,  Gallium  und 
Indium  sind  Ausgangskomponenten  bei  der  Herstellung  von  Halbleitem  durch 
Verfahren  wie  MOCVD  (metalorganic  chemical  vapour  deposition)  oder 
MOMBE  (metalorganic  molecular  beam  epitaxy)  [1-3].  Dabei  entsteht  das 
hochreine  Metall  durch  Pyrolyse. 
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Die  Verbindungen  sind  thermisch  instabil,  stark  pyrophor  und  konnen  sich 
explosionsartig  zersetzen  [4,  5].  Die  Kenntnis  der  thermischen  Zersetzung  und 
ihrer  sicheren  Handhabung  angesichts  der  steigenden  Produktion  und  des  damit 
verbundenen  scaling-up  werden  unverzichtbar. 


Ergebnisse 

Typische  DSC  finger  prints  sind  in  den  Bildem  1  und  2  dargestellt.  Drei 
Reaktionsintervalle  dominieren:  Endothermer  Peak  unterhalb  100  °C,  breiter 
exothermer  Peak  bei  200-400  °C  und  endothermer  Peak  zwischen  400-600  °C. 
Die  Lage  des  letzteren  Peaks  erwies  sich  als  abhangig  von  der  Einwaage. 

Die  Trimethyle  sind  bei  Normaltemperatur  fest,  die  hdheren  Trialkyle  wie 
TEGa  auf  Grund  der  voluminosen  Liganden  flussig.  Der  endotherme  Peak  im 
ersten  Intervall  ist  die  Phasenumwandlung  fest-flussig,  mit  Onset-Temperaturen 
bei  13  °C  und  87  °C  fiir  TMAI  bzw.  TMIn.  Die  sich  unmittelbar  anschlieBende 
Umwandlung  in  die  Gasphase  ist  im  Diagramm  wenig  ausgepragt,  ebenso  die 
Dissoziation  des  Dimers  TMAI  in  das  Monomer.  Die  Dimerisationswarme  ist 
gering  (-  10.2  kcal/Mol  per  A1CH3A1-Brucke,  [6]  )  und  TMAI  dissoziiert  bei 
130  °C  [7]. 

Der  Peak  im  Intervall  200  bis  400  °C  (die  Onset-Temperaturen  sind  254,  280 
und  230°C  fiir  respektive  TMAI,  TEGa,  TMIn)  markiert  exotherme  Zersetzung, 
die  dabei  freiwerdende  Energie  ist  betrachlich:  1  kJ/g  fur  TMAI,  ca.  0.75  kJ/g 
fur  TEGa  und  1,5  kJ/g  fur  TMIn.  Diese  Zersetzung  wurde  fur  TMGa  im 
Hochvakuum  naher  untersucht  [7,8].  Charakterisch  ist  hier  der  C-Ga 
Bindungsbruch  oberhalb  380  °C  unter  Bildung  von  Methylradikalen  und 
Dimethylgallium.  Durch  intramolekularen  H-Transfer  entsteht  Methan.  Die 


Zersetzung  von  TMAl  und  TMIn  erfolgt  analog,  bei  TEGa  bildet  sich  durch  B- 
Elimination  Athan. 

Im  EGA-Experiment  (evolved  gas  analysis,  [9]  )  wurde  die  Methanbildung  bis 
270  °C  verfolgt.  Dazu  wurde  TMAl  bei  vergleichbarer  Rate  wie  im  DSC- 
Experiment  linear  aufgeheizt  und  die  entstehenden  Gase  in  Absorption  on-line 
FTIR-spektroskopisch  registriert.  Bild  3  zeigt  ein  solches  Thermogramm.  Die 
Methanbildung  ist  linear  und  iiber  das  gesamte  Intervall  beobachtbar.  TMAl 
selbst  ist  bei  270  °C  vollstandig  abgebaut.  Die  Profile  sind  in  Bild  4  dargestellt. 
Das  von  TMAl  folgt  (reziprok)  zunachst  dem  von  Methan,  doch  nur  bis  130  °C. 
Hier  knickt  es  ab,  das  Szenario  wird  komplex. 

Die  Komplexitat  auBert  sich  durch  Auftreten  von  Transienten  (854  cm'), 
Bandenaufspaltung  (2942,  700,  651  cm'')  oder  unveranderter  Bandenintensitat 
(Intensitat  der  Bande  bei  775  cm''  bleibt  unverandert  bis  150  °C). 

Das  IR-Spektrum  bei  50  °C  stimmt  mit  den  Literaturwerten  des  dimeren  TMAL 
iiberein  [10,  1 1].  Die  CH3-Schwingungen  dominieren  das  Spektrum  .  Dies  sind 
Streckschwingungen  (3000-  2800  cm''),  Deformationen  (1260-  1200  cm"')  und 
Rockingdeformationen  (780-  600  cm"').  Die  Al-C-Geriistschwingungen  liegen 
unterhalb  600  cm*'  im  FIR,  auBerhalb  des  Detektionslimits  unserer  Apparatur. 
Im  Unterschied  zu  den  CH3-Banden  sind  diese  stark  symmetrieabhangig  und 
damit  sensibel  fur  Veranderungen  im  Ligandenbereich. 
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Kurzfassung 

Die  Arbeit  charakterisiert  den  kataiysierenden  Einflufl  des  Vanadium/Molybdan- 
Mischoxides  auf  die  Pyrolyse  und  das  Abbrandverhalten  von  AN/GAP-Festtreibstoff- 
proben. 

The  poster  characterizes  the  catalytic  influence  of  the  Vanadium/Molybdenum-mixed 
oxides  on  the  pyrolysis  and  the  burning  behavior  of  AN/GAP-solid  propellant 
samples. 


1.  Einleitung 

Ammoniumnitrat  (AN)  bietet  sich  als  Oxidator  fur  raucharm  abbrennende,  wenig 
empfindliche  Treibstoffe  an.  Der  Einsatz  ist  begrenzt  durch 

•  Phasenubergange  des  AN  und  damit  verbundene  Volumenanderungen 

•  geringen  Energiegehalt 

•  schlechte  Anzundbarkeit. 

Durch  Einsetzen  von  phasenstabilen  AN-Typen  [1-3],  energetischen  Bindern  wie 
Glycidylazidpolymer  (GAP)  und  energetischen  Weichmachern  [4-7]  sowie  speziellen 
Abbrandmoderatoren  [8,9]  erscheinen  diese  Schwierigkeiten  prinzipiell  uberwindbar. 
Doch  Sind  die  bisher  praktisch  erzielten  Ergebnisse  hinsichtlich  der  erreichten 
Abbrandgeschwindigkeit  und  des  Druckexponenten  begrenzt  [9]. 

Die  Arbeiten  zeigen  auf,  daU  sich  Abbrandgeschwindigkeit  und  Druckexponent  in 
AN-FTS  durch  Metalloxide  beeinflussen  lessen.  Von  besonderem  Interesse  sind 
dabei  die  Mischoxide  des  Vanadium  und  Molybdan  (MoVO),  da  sie  die  Abbrand- 
eigenschaften  verbessern,  ohne  die  Stabilitat  zu  verschlechtern  [8]. 

Die  vorliegende  Arbeit  greift  diesen  Moderatortypus  heraus.  Sie  charakterisiert  des- 
sen  EinfiuH  auf  die  Pyrolyse  und  das  Abbrandverhalten  von  AN/GAP-Festtreibstoff- 
proben. 


2.  Experimente 


Eingesetzt  wurden  Mischungen  aus  AN  und  GAP  im  Gewichtsverhaltnis  2:1,  wobei 
GAP  mit  N100  {R=0.75)  gehartet  vorlag.  Die  Mischungen  wurden  einmal  zusatzfrei 
(AG-00)  und  zum  anderen  mit  einem  katalysierenden  Zusatz,  hier  V-Mo-Oxid  (AG- 
01)  und  V-Mo-Oxid/Ru(3  (AG-02),  mit  einem  Gewichtsanteil  von  jeweils  3%  unter- 
sucht.  Mischoxide  dieses  Typs  wirken  bei  Verbrennungsreaktionen  setektiv  oxidativ 
auf  Kohlenwasserstoffe  und  selektiv  reduktiv  auf  Stickoxide. 

Diese  Mischungen  wurden  pyrolytisch  in  einem  thermoanalytischen  Reaktor 
(Evaporated  Gas  Analysis  EGA)  [10]  und  der  Abbrand  in  einer  optischen  Bombe 
untersucht  [11,12]. 


3.  Ergebnisse  und  Diskussion 

Bild  1  zeigt  ein  typisches  Produktspektrum,  wie  es  von  den  Mischungen  durch  den 
EGA-Reaktor,  gekoppelt  an  ein  IR-Spektrometer,  erhalten  wurde.  Die  Hauptprodukte 
Sind  CO2.  N2,  HCN  und  NH3.  In  Bild  2  sind  die  zugehdrigen  Reaktionsprofile  fur  die 
Spezies  CO2  dargestellt.  Die  Funktion  der  Zusatze  aufiert  sich  hier  durch  eine  Ver- 
schiebung  des  Reaktionsintervalls  nach  niederen  Temperaturen  hin  (AT=40  K). 
Weiterhin  wurde  die  Bildung  von  CO  und  der  Stickoxide  NO2,  NO  und  N2O  signifi- 
kant  eingeschrankt.  Ein  Einflufi  der  Rufi-Komponente  war  nicht  ausgepragt.  Die 
Wirkung  der  katalysierenden  Zusatze  bei  der  Verbrennung  wurde  durch  visuelie 
Veranderungen  der  Reaktionszonen  und  deren  Temperaturen,  sowie  durch  die 
Druckabhangigkeit  der  Abbrandrate  und  der  unterschiedlichen  Schlackenzusam- 
mensetzung  charakterisiert. 

Biid  3  zeigt  die  erzielten  Abbrandraten  und  deren  Druckabhangigkeit.  Die  Kurven 
folgen  dem  Vielle'schen  Gesetz.  Die  Zusatze  erhohen  deutlich  die  Abbrandrate  und 
senken  signifikant  den  Druckexponenten  (von  0.72  auf  0.55).  Dabei  ist  die  Leb- 
haftigkeit  bis  zu  dem  Faktor  3  angehoben, 

Weiterhin  aufiert  sich  die  erhdhte  Reaktivitat  der  Mischungen  mit  katalysierendem 
Zusatz  in  der  veranderten  visuellen  Erscheinung  der  Reaktionszonen  und  deren 
Temperaturen.  Neben  einer  stabilen  Verbrennungsfront  auf  der  Oberflache  mit 
schnellen,  stark  exothermen  Entgasungsreaktionen  bildete  sich  daruber  ein  kegel- 
formiges  Gerust  aus  Abbrandresten/Schlacken  mit  langsamer  exothermer  Um- 
setzung.  Wahrend  auf  der  Oberfiache  der  additivfreien  Probe  getrennt  reagierende 
AN-Zentren  auftraten,  erschien  die  Abbrandoberflache  der  zusatzhaltigen  Proben 
als  eine  stark  leuchtende  Einheit  mit  deutlich  erhdhten  Temperaturen.  Bild  4 
vergleicht  die  berechnete  adiabatische  Verbrennungstemperatur  mit  den 
experimentell  gefundenen  Werten. 

Weiterhin  sind  die  C,H-Anteile  der  Schlacken  dieser  Proben  gegenuber  der  additiv¬ 
freien  minimal  und  bestehen  im  Wesentlichen  aus  Metalloxid. 
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4.  Fazit 

Reaktionsmechanistisch  erhoht  Mo-V-Oxid  die  Geschwindigkeit  der  primaren 
Reaktionen  zwischen  AN  und  GAP.  Sie  fuhren  insgesamt  bei  der  Feststoffpyrolyse 
und  auf  der  Abbrandoberflache  zu  thermisch  niedrigen  Reaktionsintervallen,  gebCin- 
delten  Reaktionszentren  und  erhdhtem  Umsatz. 
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ABSTRACT 

Thermal  test  results  allow  us  to  identify  the  key-phenomenons  governing 
combustion-to-deflagration-to-detonation  transition  in  an  HMX  pressed 
composition.  A  simple,  but  efficient,  model  is  developed  on  the  basis  of  these 
results. 


INTRODUCTION 


Most  of  the  published  studies  devoted  to  DDT  deal  with  powdered  low  density 
explosives.  Comprehensive  analyses  and  efficient  models  have  been  developed 
in  this  area.  Published  results  on  DDT  in  explosive  compositions  are  far  more 
scarce. 

The  study  presented  her  deals  with  DDT  phenomenon  in  a  pressed  HMX 
composition. 

Violent  reactions  have  been  observed  when  this  composition  is  heated  to  a 
sufficiently  high  temperature,  under  strong  confinement. 

The  aim  of  our  work  was  to  identify  the  physical  mechanisms  governing  the 
transition  from  regular  laminar  burning  to  deflagration  and,  in  some  cases  to 
detonation. 


1.  THERMAL  TESTS 


1.1.  Closed  bomb  combustion  (see  figure  1) 


Figure  1 

Several  tests  were  performed  on  HMX  (XI)  and  TATB-HMX  (TX1) 
compositions  with  different  loading  densities  A  (A  is  the  ratio  of  the 
sample  volume  and  of  the  combustion  chamber  volume). 

The  pressure  profiles  P(t)  were  recorded  as  a  function  of  time  and  the 

pressurization  curves  — =f(P)  were  plotted  (see  figure  2). 
dt 
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Figure  2 

We  can  notice  that  the  TX1  curve  is  perfectly  regular,  indicating  that 
the  combustion  Is  normal  and  laminar,  and  that  the  explosive  sample 
decreases  in  size  when  burning  but  remains  cylindrical.  This  point  was 
verified  by  interrupting  the  test  at  different  times  and  observing  the 
partially  burnt  samples. 


At  the  opposite,  the  XI  curve  shows  a  critical  pressure  Pq  by  50  MPa. 
Below  this  value,  the  composition  burns  normally.  Above  this 
pressure,  an  abnormal  combustion  develops,  leading  to  high 
pressurization  rate.  This  rate  increases  very  fast  with  the  loading 
density  {see  figure  3)  and  it  is  obvious  that,  for  high  values  of  A,  the 
abnormal  combustion  will  result  in  a  compressive  wave  in  the 
explosive. 


Figure  3 

1.2.  Confined  thermal  induction  test  (see  figure  4) 

A  strongly  confined  cylindrical  explosive  sample  is  heated  by  a  heating 
plate,  the  temperature  of  which  rises  linearly  with  time  at  3°C/s. 
Thermocouples  are  implemented  in  the  explosive  and  the 
decomposition  gases  pressure  is  measured  inside  the  vessel. 


HEATING  PLATE 


Figure  4 

Detonations  issued  from  DDT  are  observed  when  XI  ignites. 

On  the  contrary,  only  pneumatic  explosions  and  case  ruptures  are 
obtained  with  TX1 . 


The  P(t)  measurement  (figure  5)  shows,  for  XI,  a  very  important 
phenomenon.  After  X1  ignition,  the  pressure  rises  slowly  as  the  gases 
diffuse  in  the  gaps  and  dead  volumes.  Then,  the  pressure  rate  grows 
with  the  pressure  and,  consequently,  the  burning  velocity  increases. 

At  this  point,  a  very  sharp  pressure  rise  is  observed  when  the 
explosive  pressure  reaches  50  MPa.  This  value  is  to  be  compared  to 
the  critical  pressure  value  observed  in  closed  bomb  experiments. 


Figure  5 

2.  DDT  MECHANISM 

The  physical  DDT  mechanism  deduced  from  the  previous  results  is  as 
follows. 

1)  The  explosive  experiments  laminar  combustion  with  relatively  slow 
pressure  and  burning  velocity  increases. 

2)  The  pressure  reaches  the  critical  value  and  the  combustion  becomes 
abnormal. 

3)  A  sharp  pressure  rise  is  generated  in  the  explosive,  resulting  in  a 
compressive  wave  formation  and,  in  some  cases,  in  a  shock  wave, 
depending  on  experimental  set-up  geometry  and  case  strength. 
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4)  The  compressive  and  shock  waves  produce  micro  structural  hot  spots 
leading  to  a  partial  or  total  SDT  process,  depending  on  sample  and 
case  geometries. 


3.  MODELLING 


The  key  phenomenon  previously  identified  is  the  sudden  sharp  pressure  rise 
taking  place  for  pressures  above  the  critical  value. 

As  a  result,  an  efficient  modelling  must  accurately  describe  the  laminar  and 
abnormal  combustion  and  the  decomposition  gases  thermodynamic 
behaviour. 


3.1.  Combustion  modelling 

Below  the  critical  pressure,  the  burning  velocities  measured  with  the 
strand  burner  and  the  closed  bomb  (assuming,  in  this  case,  a  regular 
regression  of  the  sample)  are  equal  (see  figure  6). 

Above  this  pressure,  the  burning  area  increases,  due  to  sample 
fragmentation  or  similar  phenomenon. 

Thus,  the  apparent  burning  velocity  determined  with  the  closed  bomb 
results  is  far  higher  the  actual  velocity  as  can  be  deduced  from  strand 
burner  measurements  (figure  6). 
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Figure  6 


This  is  due  to  the  fact  that  the  conservation  of  the  cylindrical 
geometry  is  no  more  valid  above  Pq. 

However,  from  a  pure  modelling  point  of  view,  the  results  (energy 
release,  pressure  rise)  are  the  same  if  we  consider  a  decreasing 
cylindrical  sample  with  an  apparent  burning  velocity. 

This  convenient  modelling  strategy  has  been  chosen  for  our 
simulations. 


The  burning  velocity  is  then  calculated  using  two  power  laws  : 
Vc  =  ai  pbi  where  ai  and  bi  are  different  below  and  above  Pc. 


We  use  the  second  order  virial  EOS  : 


Where  :  V  is  the  gases  volume, 

R  is  the  perfect  gases  constant, 

T  is  the  temperature, 
n  is  the  nomber  of  gases  moles, 

B  and  C  are  coefficients  depending  only  on  temperature 
and  gases  compositions. 


3.3.  Energy  equation 
It  is  given  by  : 

AD  =  AW  +  AQ  ,  with  AW  =  -  jf PdV  and  AQ  =  AH''(m.,-m2) 

where  :  U  is  the  internal  system  energy, 

AW  is  the  mechanical  work, 

AQ  is  the  heat  released  by  the  combustion, 

AH'"  is  the  heat  of  reaction, 
m  is  the  released  mass  of  gases. 


3.4.  Additional  assumptions 

The  case  Is  supposed  to  be  adiabatic  and  keeping  constant  Interna! 
volume. 


3.5.  Comparisons  with  experiments 

Several  comparisons  are  presented  on  figures  7  and  8,  where  are 
plotted  respectively  : 


07  -  Ifl 

Pm/A  =  f  (Pm),  where  Pm  is  the  maximum  pressure  obtained 
in  a  closed  bomb  test  for  a  given  A, 


—  =  f  (P)  for  several  loading  densities, 
dt 
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CONCLUSION 

We  have  identified  that  abnormal  combustion  and  resulting  sharp  pressure 
rise  are  the  key  phenomenons  governing  DDT  in  XI  composition. 

A  modelling  of  these  phenomenons  has  been  developed  and  agrees  well 
with  experiments. 

The  next  step  will  be  the  junction  of  the  combustion  model  and  of  an 
hydrodynamic  code,  in  order  to  analyse  the  compressive  and  shock  wave 
formations  and  the  resulting  SDT. 
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Beijing  Institute  of  Technology 

College  of  Chemical  Engineering  and  Materials  Science 
P.  0.  BOX  327,  Beij  ing,  100081,  P.  R,  C. 

ABSTRACT 

A  study  has  been  made  of  the  thermal  decomposition  and 
impact  sensitivity  of  mixture  of  KNOa  with  potassium  o-hydrogen 
phthalate,  sodium  salicylate  and  benzoate  respectively.  Kinetic 
data  of  thermal  decomposition  of  these  mixtures  demonstratate 
that  under  high  temperature  (  for  example  lOOOK}  the  rate 
constants  k  are  quite  different  and  the  value  of  k  for  sodium 
salts  are  obviously  higher  than  that  of  potassium  salt.  But  the 
impact  sensitivity  of  mixtures  mentioned  above  is  similar.  From 
the  view  of  point  of  hot  spots  theory,  data  of  thermal 
decomposition  are  not  consistent  with  impact  sensitivity.  It  is 
desired  to  study  these  problems  in  more  details. 


INTRODUCTION 

Whistling  agent  (WA)  is  one  of  the  important  ingredient  in 
pyrotechnic  compositions.  The  impact  sensitivity  of  its  mixture 
with  oxidant  KNOa  is  of  great  interest  for  designing 
pyrotechic  compos  it  ions,  but  studies  on  it  have  been  limited^^^. 
In  the  present  paper,  a  study  has  been  made  of  thermal 
decomposition  and  impact  sensitivity  of  mixtures  of  WA 
(including  potassium  hydrogen  phthalate  PHP,  sodium  benzoate  SB, 
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sodium  salicylate  SS)  and  KNO3.  The  dymanlc  stress  under  impact 
of  these  mixtures  has  been  determined  for  understanding  the 
role  of  mechanical  behavior  for  these  mixtures  under  impact. 


EXPERIMENTAL 

The  drop-weight  sensitivity  of  all  samples  were  determined  using 
a  KAST  impact  apparatus  fitted  with  a  5kg  hammer.  The  test 
samples  each  weighed  60±  2mg,  and  the  results  were  obtained  by 
performing  a  minimum  of  25  trails  in  accordance  with  the 
Bruceton  procedure.  The  thermal  decomposition  properties  were 
assessed  using  PCR-1  DTA. 


RESULTS  AND  DISCUSSION 

The  determination  of  formal  chemical  kinetic  parameters  of 
thermal  decomposition  of  mixtures  of  WA  and  KNOa  have  been  made 
using  differential  thermal  analysis  technique  (  DTA)  .  The  DTA 
data  have  been  calculated  with  the  help  of  equation  of 
Kissinger  H.  and  Ozawa  T.  Table  1  illustrates  the  data  of 
apparent  energy  activation  values  (E)  and  preexponential  factor  (A) 


Table  1  Formal  kinetic  data  of 
thermal  decomposition  of  mixtures  KN0a~WA 


Samples 

E/kJ  ‘  mol  ^ 

IgA 

k72B'C 

PHP 

229.69±0.84 

14.2 

1.60X10=* 

SS 

150.74±1.27 

12.2 

2.16X10^ 

SB 

483.71+6.25 

26.33 

1.15X10“ 

PHP-KNO3 

130.44  +  2.68 

8.66 

6.94X10* 

SS-KNO3 

161.67  +  0.34 

15.10 

4.56X10® 

SB-KNO3 

270.03+0.60 

18.36 

1.79X10* 
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The  data  in  Table  1  show  that  there  is  difference  between 
kinetic  properties  of  these  mixtures.  The  biggest  value  of  E  is 
488.  7kJ/mol  for  SB,  and  the  smallest  one  is  160.  7kJ/mol  for  SS. 
All  the  values  of  E  for  mixtures  are  lower  than  that  of  WA  alone. 
For  example,  E  of  SB-KNOb  is  0.66  times  of  SB,  E  of  PHP-KNOb  is 
0*68  times  of  PHP,  The  value  of  E  for  SS-KNOs  is  somewhat  larger 
than  that  of  SS  alone.  The  difference  between  the  reaction  rate 
constants  k  under  726'C  is  great  for  these  three  mixtures  and 
the  values  of  mixtures  ranked  in  increasing  order  are  as  follows: 

ksS - KNO  3  >  ks B - KNO  8  ^  kpHP - KNO 3  • 

The  results  of  critical  height  Hgo  of  these  mixtures  are  listed 
in  Table  2. 


Table  2  Critical  height  of  WA-KNO3  mixtures  (5kg  hammer) 


Samples 

Hbo^  cm 

NO.  1. 

2. 

noU/cm 

PHP-KNO3 

76.4 

72.1 

74.3  +  2.2 

SS-KNO3 

64.3 

74.6 

69,5+5.2 

SB-KNO3 

65.9 

73.6 

60.S±3,9 

It  has  been  demonstrated  that  the  impact  sensitivity  of  mixtures 
is  quite  similar  and  almost  as  the  same  as  tetryl,  but  obviously 
lower  than  that  of  KClOa  mixtures .  Comparing  the  data 
illustrated  in  Table  1  and  Table  2,  it  can  be  found  that  the  Hso 
values  of  PHP-KNOs  with  the  smallest  kvaa-e  is  6  centimeters 
higher  than  the  others.  However,  for  the  other  mixtures  there  is 
some  contradiction  between  thermal  decomposition  parameter  kyae'c 
and  Hso.  The  k72fl*cvalue  of  SS-KNOa  is  bigger  than  that  of  SB-KNOa 
but  their  impact  sensitivity  are  in  the  same  level. Therefore,  it 
is  necessary  to  investigate  the  dymanic  stress  of  mixtures 
under  impact  for  understanding  this  result. 

Table  3  illustrates  the  results  of  determining  dynamic  stress 
using  stress-determining  system^"^^. 


Table  3  Dynamic  stress  of  WA-KNO3  mixtures 


Samples 

a/kN 

a/kN 

NO.  1. 

2. 

3. 

PHP-KNO3 

26.4 

23.6 

22.4 

24.1  +  1.5 

SS-KNO3 

26.0 

25.6 

23.6 

25.1±1.0 

SB-KNO3 

20.4 

20.4 

23.6 

21.5±1.4 

The  data  listed  in  Table  3  show  that  under  the  same  impact 
condition  the  maximum  stress  produced  in  these  three  mixtures 
are  almost  similar.  It  means  that  the  possibility  of  the 
generation  of  hot  spots  in  these  mixtures  are  quite  similar. 
Andj  the  difference  between  their  impact  sensitivity  is  not  large. 
But  it  is  different  to  find  out  any  simple  correlation  between 
iT28‘c  and  Heo.  This  suggests  that  the  influence  of  thermal 
decomposition  of  mixtures  on  their  impact  sensitivity  is 
compl  icated,  especially,  for  SS-KNOa  and  SB-KNO3, 


CONCLUSION 

The  PHP-KNOa,  SS-KNOs  and  SB-KNO3  have  similar  impact  sensitivity 
and  dynamic  mechanical  propert ies.  But  the  thermal  decomposition 
properties  of  these  three  mixtures  are  different.  Data  obtained 
from  the  experiments  show  that  it  is  difficult  to  find  out  a 
simple  correlation  between  the  kyae-c  and  H  eo  for  WA-KNOs 
mixtures,  but  the  kvae-c  has  somewhat  effect  on  its  impact 
sensitivity.  The  impact  sensitivity  of  pyrotechnic  samples  is 
determined  by  their  chemical  kinetic  behaviors  and  dynamic 
behaviors  under  impact. 
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ABSTRACT 


Pyrotechnic  materials  can.  when  disposed  of  in  the  conventional  ways  of  incineration  and 
open  pit  burning,  release  environmentally  hazardous  and  toxic  products.  This  is  mainly  due 
to  their  organic  contents,  namely  the  organo-halides. 

In  addition,  due  to  contamination  and  degradation  of  the  materials,  they  become  increasingly 
unstable  with  age,  making  the  handling  of  old  pyrotechnics  dangerous  for  personnel  and 
equipment.  In  this  aspect,  pyrotechnics  by  far  outweigh  other  explosives.  In  some  old 
contaminated  sites  pyrotechnics  can  be  found  mixed  with  munitions  of  any  kind,  adding  a 
further  hazard  to  their  disposal. 

The  Dounreay-Silver-ll-Process  has  been  successfully  applied  to  destroy  a  wide  range  of 
organics,  including  high  explosives,  chemical  warfare  agents  and  industrial  toxic  compounds, 
either  individually  or  in  a  mixed  feed,  making  it  very  versatile.  Sitver-ll  additionally  has 
proven  itself  for  the  destruction  of  the  compound  containing  hardware,  as  demonstrated  with 
the  destruction  of  a  simulated  rocket  body  filled  with  VX  and  DNT.  It  thus  can  significantly 
reduce  the  need  for  the  handling  of  unstable  products  and  the  hazards  emanating  from 
delaboration  procedures. 


These  facts  make  the  Dounreay-Silver-ll-Process  a  very  promising  candidate  for  the  disposal 
of  pyrotechnics,  too,  especially  in  a  mobile  plant  configuration.  The  solution  can  thus  be 
brought  to  the  problem. 

The  presentation  will  explain  the  principle  chemistry  behind  Silver-lt,  highlight  some  of  the 
experiments,  which  were  conducted  with  military  products  and  finally  demonstrate  the 
concept  of  a  mobile  plant  as  envisaged  for  the  safe  and  uncomplicated  disposal  of  organic 
compounds,  including  pyrotechnics. 
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1.  Introduction 

Pyrotechnics  which  can  no  longer  be  used  because  they  are  stored  longer  than  their  safe 
storage  life  permits,  or  which  have  been  stored  in  improper  conditions,  or  which  are 
recovered  during  the  course  of  a  remediation  project,  have  to  be  disposed  of.  The  choice  of 
disposal  method  is  usually  restricted  by  safety  and  environmental  impact  considerations  as 
laid  out  in  the  respective  regulations  for  health  and  safety  and  environmental  compliance. 
The  priority,  however,  is  the  removal  of  a  risk  posed  by  those  materials,  as  deteriorating 
pyrotechnics  can  become  highly  unstable.  Here  they  often  exceed  the  danger  potential  of 
explosives.  A  suitable  disposal  method  has  therefore  to  be  chosen  that  ensures  that 
pyrotechnics  can  be  destroyed  safety  and  without  unlawful  pollution  of  the  environment. 

Amongst  other  methods  those  which  have  been  popular  in  the  past  are  controlled  open-air 
combustion  and  incineration  or  recycling  of  the  pyrotechnic  compounds.  Both  methods  have 
their  problems: 

1.1  Open-Air  Combustion: 

Pyrotechnics  by  their  very  nature  emit  light,  sound,  and  smoke.  As  these  emissions 
themselves  are  not  environmentally  friendly,  their  by-products  often  pose  a  substantial 
hazard.  However,  there  is  a  tendency  now  to  develop  environmentally  benign  pyrotechnic 
charges.  The  open-air  combustion  of  the  materials  or  the  controlled  explosion  (at  least  for  the 
foreseeable  future)  can  therefore  be  ruled  out  as  an  environmentally  acceptable  option. 

1.2  Incineration  or  Recycling  of  the  Pyrotechnic  Compounds: 


In  order  to  recycle  pyrotechnic  materials  they  have  to  be  extracted  from  their  container  in  a 
delaboration  stage.  As  mentioned  above,  very  often  these  old  pyrotechnics  become  unstable 
and  thus  unpredictable.  They  can  be  set  off  by  physical  handling  or  machining,  causing 
damage  and  injuring  personnel.  Thus,  even  lengthy  transports  to  specialised  facilities 
become  problematic,  especially  on  the  over  crowded  road  systems  of  central  Europe. 

When  considering  incineration  one  has  to  bear  In  mind  that  a  number  of  substances  used  in 
pyrotechnic  charges  demand  special  waste  incinerators  to  prevent  the  forming  of  toxic  by¬ 
products,  such  as  dioxins  and  di-benzo-furanes  in  the  case  of  some  organic  mixtures.  But 
even  in  circumstances,  where  the  incineration  technology  is  appropiate,  the  "psychology  of 
incineration",  e.g.  its  influence  on  public  perception  could  make  the  operation  difficult, 
lengthy  and  thus  costly. 
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A  possible  solution  should  exclude  any  of  these  disadvantages  and  should  preferably  also 
minimise  transport  and  handling  of  these  hazardous  products.  One  solution  for  pyrotechnics 
containing  organics  is  the  Dounreay-Silver-ll-Process. 

2.  The  Dounreay-Silver-ll  Process 

2.1  The  Process  Development 

The  Dounreay-Silver-ll-Process  was  developed  by  the  U.K.  Atomic  Energy  Authority  (AEA) 
and  was  originally  targeted  at  destroying  radio-active  contaminated  organic  wastes  from  the 
re-processing  of  spent  nuclear  fuel  (Tributyl-Phosphate  /  Odourless  Kerosene).  In  the 
development  stage  it  was  soon  realised  that  this  process  could  be  applied  to  a  wide  range  of 
organic  compounds  and  a  large  number  of  organics  have  since  been  successfully  destroyed 
in  a  pilot  plant  at  the  AEA-facilities  in  Dounreay,  Scotland. 

As  the  very  nature  of  the  process  allows  the  safe  handling  and  destruction  of  military 
compounds,  external  tests  were  conducted,  destroying  a  number  of  explosives  and 
propellants,  and  recently,  chemical  warfare  agents.  These  experiments  shall  be  described  to 
explain  the  attractive  features  of  the  Silver-ll  process. 

2.2  Process  Description 

The  process  utilises  Silver  in  its  2+  oxidation  state,  which  is  one  of  the  strongest  oxidising 
agents.  The  whole  process  takes  place  in  a  strong  nitric  acid  environment.  Ag^*-ions  are 
generated  within  an  electro-chemical  cell  similar  to  those  used  in  the  chlorine  manufacturing 
industry.  The  cell  is  divided  by  a  fluoropolymer  cation  exchange  membrane  (typically  Du 
Pont  Nation  324)  to  prevent  mixing  of  the  anoiyte  and  catholyte.  This  membrane  has  shown 
excellent  chemical  resistance  in  this  highly  oxidising  and  strong  acid  process  environment, 
however,  its  ion  exchange  properties  are  not  utilised  in  this  process. 

The  anode  is  coated  with  platinum  whereas  the  cathode  is  composed  of  stainless  steel. 


The  cell  assembly  is  a  standard  electrolyser,  internally  manifolded,  resulting  in  a  minimum 
number  of  external  process  connections.  This  eases  maintenance  and  results  in  higher 
reliability.  The  cell  design  has  proved  reasonably  tolerant  of  solids  contained  in  the  waste 
streams  and  particulate  sizes  of  up  to  1  mm  have  not  shown  to  cause  any  problems  of 
membrane  fouling  or  blockage.  This  is  also  an  important  aspect  when  treating  waste 
materials. 

In  nitric  acid  solution  Ag(ll)  exists  as  AgN03+,  a  dark  brown  complex.  Its  reaction  with 
organics  takes  place  by  a  number  of  mechanisms,  one  of  which  is  the  formation  of  highly 
reactive  OH  and  NO3  radicals  with  the  water.  Ag(ll)  also  reacts  directly  with  many  organic 
molecules,  often  forming  radicals  as  intermediates. 

When  the  organic  feedstock  is  added  to  the  anolyte  solution  the  dark  brown  Ag(ll)  colour 
disappears  quickly,  indicating  a  relatively  low  concentration  of  AgN03+  in  the  solution.  As  a 
result  of  the  ongoing  oxidation  of  the  organics,  carbon  monoxide  and  carbon  dioxide  are 
formed,  along  with  a  number  of  inorganic  products  from  any  hetero-atoms  which  might  have 
been  present.  The  oxygen  in  the  carbon  oxides  arise  from  the  water  molecules  in  the  anolyte. 

The  overall  process  can  be  described  as  follows,  using  the  benzene  oxidation  as  an  example: 

CgHg  +  12  H:0  — ->  6  COj  +  3  OH*  +  30  e 

CgH^  +  eH.O  -— >  6  CO  +  18  H*  +  18  e' 

High  efficiencies  (80%  to  90%)  were  achieved  by  Ag(ll)  oxidisation  of  some  saturated 
hydrocarbons  at  an  anode  current  density  of  10kA/m^  Usually,  however,  the  current  density 
is  restricted  to  5  kA/m'  or  less  to  avoid  exceeding  the  limiting  data  of  the  membrane. 

The  catholyte  solution  is  of  similar  composition  as  the  anolyte,  however,  due  to  migration  of 
Ag*  and  H*  ions  through  the  membrane,  the  Silver  concentration  in  the  catholyte  is 
somewhat  higher  as  in  the  anolyte.  The  main  reaction  at  the  cathode  is  the  reduction  of  nitric 
acid  to  nitrous  acid: 

NO3-  +  3  H*  +  2  e'  — HNO2  +  H2O 

The  nitrous  acid  decomposes  further  to  form  nitrous  oxides  (NOx),  which,  together  with  the 
HNO2  can  be  regenerated  to  form  nitric  acid. 

2.3  An  Integrated  System 

Figure  1  shows  the  simplified  block  diagram  of  the  process.  The  process  can  run 
continuously  or  in  a  batch  configuration  without  altering  a  great  number  of  details.  The 
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organic  feedstock,  i.e.  the  waste  to  be  destroyed  is  added  to  the  anolyte  circuit  in  a  suitable 
format,  e.g.  shredded  to  a  particle  size  less  than  1mm  (however,  this  is  not  necessary  at  the 
expense  of  time).  Water  is  added  to  compensate  for  the  loss  of  water  in  the  reaction  i.e. 
through  the  formation  of  CO  and  CO^  and  the  migration  of  H"  ions  through  the  membrane. 
The  CO  and  CO2  is  fed  through  a  scrubbing  system  in  order  to  prevent  acid  fumes,  residual 
organic  species  etc.  to  vent  into  the  atmosphere. 

On  the  cathode  side  of  the  process  the  catholyte  solution  is  fed  through  a  reflux  column  to 
recycle  the  nitrous  acid  into  NOx  and  nitric  acid.  In  addition,  air  is  used  to  oxidise  the  NOx  to 
NO2. 


This  reaction  can  be  described  as  : 

HNO2+I/2O2  — >  HNO3 

The  thus  regenerated  nitric  acid  is  fed  back  into  the  catholyte  circuit  or  held  in  a  storage 
tank.  At  the  same  time  water  is  formed  at  the  cathode  by  the  reaction. 

02+4H‘  +  4e  -— >  2H2O 

The  hydronium  ions  consumed  in  this  reaction  are  those  generated  in  the  oxidation  of  the 
organic  in  the  anolyte  and  the  subsequent  migration  of  those  ions  through  the  membrane. 
The  surplus  water  thus  generated  must  be  distilled  off  from  the  catholyte  and  can  either  be 
discharged  or  recycled  as  make-up  water  for  the  organic  feed  stock  in  the  anolyte  circuit. 
The  added  advantage  of  this  reaction  is,  off  course,  that  no  hydrogen  is  allowed  to  form, 
which  could  pose  a  hazard  to  the  operation  of  a  Silver-ll  plant.  The  concentration  of  organic 
feed  in  the  water  can  be  varied  over  a  wide  range,  allowing  for  great  flexibility  in  the  water 
flow  and  the  associated  plant  lay-out. 
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The  Silver-il  Process 
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Figure  1 ;  Simplified  Process  Flow  Diagram 


2.4  Application  of  the  Process 

There  is  an  ever  extending  range  of  organic  materials  being  tested  in  the  process,  including 
aliphatic  and  aromatic  hydrocarbons,  phenols,  organo-phosphorus  compounds,  organo- 
sulphurous  compounds,  chlorinated  aliphatic  and  aromatic  compounds,  including  PCB's  (see 
table  1).  A  list  of  some  of  the  destroyed  substances  is  attached.  As  this  list  can  obviously 
never  be  complete,  it  does,  however,  give  a  good  indication  of  the  practical  application  of  the 
process.  Substances  known  to  be  ineffectively  destroyed,  are  certain  plastics  and  silicon- 
lubricants. 

The  efficiency  of  the  process  is  usually  very  high,  can  be  determined  from  measuring  the  CO 
+  CO^  production  and  comparing  it  with  the  values  obtained  from  theoretical  calculations 
based  on  the  cell  current.  If  the  efficiency  approaches  100%,  a  small  amount  of  NOx  is  often 
produced  from  the  anolyte,  suggesting  the  involvement  of  nitric  acid  in  the  oxidation  of  the 
organics.  The  loss  of  nitric  acid  is,  however,  very  small  as  the  reduction  products  from  the 
nitric  acid  are  very  quickly  re-oxidised  in  the  very  oxidising  anolyte. 
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Aliphatic  Aromatic 

•  Kerosene  (C12  to  C16  hydrocarbons) 

•  Tributyl  Phosphate  (TBP) 

•  Dodecane 

•  Octanic  Acid 

•  Tri-Ethanol-Amine 

•  Butanol 

«  mixed  Aliphatic  Amines 

•  2-Chloroethyl-Ethyl-Sulphide 

•  2-Methoxy-Ethanol 

•  Di-Methyl-Formamide 

•  Methanol 

•  Chloroform 

•  Isopropanol 

•  Methylene  Chloride 

•  Tetra-Hydrofuran 

•  Dioxan 

Explosives,  Propellants  and  Chemical  Warfare  Agents 

•  Nitroglycerin 

•  DEMEX 

•  Nitrocellulose 

•  Nitroguanidine 

•  RDX 

•  Agent  GB  (Sarin) 

•  Agent  VX 

•  Agent  GA  (Tabun) 

•  Agents  HD,  HT,  THD  (Sulphur  Mustard) 

•  SDG3  (Decontamination  agent) 

•  Decon  90  (Decontamination  agent) 

•  DNT 

•  TNT 

•  m-Nitro-p-Toluidine 


Table  1 :  Substrates  Successfully  Destroyed  using  th  Silver-il-Process 


2.5  Inorganic  Hetero-Atoms 


Pyrotechnics  are  a  combination  of: 

•  organic  compounds  containing  atoms  of  inorganic  elements  (e.g.  phosphorous, 
sulphur) 

•  reactive  metals,  e.g.  magnesium 

•  metal  oxides,  e.g.  titanium  oxide 

•  metal  nitrates 

•  metal  chlorates 

•  other  compounds. 

Sulphur  and  phosphorous  do  not  interfere  with  the  process,  if  their  concentration  in  the 
anolyte  is  kept  limited.  The  inorganic  component  is  oxidised  to  the  mineral  acid  cation,  e.g. 
nitrogen  to  nitrate  ions,  phosphorous  to  phosphate  ions,  chlorine  to  chloride  ions  etc. 


In  the  case  of  metals,  or  their  oxides,  salts  or  complexes  etc.  these  usually  become 
dissolved  in  the  hot  nitric  acid  and  the  strong  oxidising  conditions.  These  metals  are  then 
transformed  to  their  highest  oxidation  state.  The  presence  of  these  species  has  not  been 
found  to  interfere  with  the  process,  on  the  contrary:  in  cases,  where  the  metal  in  its  highest 
oxidation  state  is  an  oxidant  itself  {e.  Mn,  Cr,  etc)  it  becomes  beneficial  for  the  process. 


•  Phenol 

•  Toluene 

•  Xylene 

•  Tri-Tolyl  Phosphate 

•  Di-Nitro-Phenol 

•  Chlorobenzene 

•  Tri-Chlorobenzene 

•  Nitrosobenzene 

•  Chloro-Fluoro-Benzoic  Acid  (CFC) 

•  p-Toluene-Sulphonic  Acid 

•  mixed  PCB  isomers 
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However,  the  concentrations  in  the  anolyte  must  not  be  allowed  to  become  excessive. 
Hydrogen  would  not  be  formed  in  this  reaction. 

e.g.  Mg  +  4  HNO:,  -— >  MgCNOa).  +  2  NOj  +  2  H2O 

Titanium  oxide  will  not  react  with  the  nitric  acid.  Also,  being  in  its  highest  valency  state,  it  will 
not  be  oxidised  by  the  Sitver-ll  process.  It  is  expected  that  titanium  oxide  will  remain 
unreacted  after  exposure  to  the  Silver-ll  process. 

Metal  nitrates  and  metal  chlorates  will  dissolve  in  the  anolyte  solution.  The  chlorate  ions  may 
be  oxidised  to  their  highest  oxidation  state  {perchlorate  ions)  and  would  not  be  reduced  to 
chloride  gas. 

3.0  Practical  Tests 

3.1  Explosives  and  Propellant 

A  number  of  experiments  were  carried  out  by  AED  to  assess  the  suitability  of  the  Dounreay- 
Si!ver-ll-process  for  the  destruction  of  explosives  and  propellants  They  are  summarised 
below; 


The  experience  with  the  destruction  of  a  great  variety  of  compounds  gave  no  indication,  why 
explosives  should  not  be  successfully  destroyed  in  this  process.  Explosives  and  propellants 
by  their  very  nature  are  reactive  and  as  an  added  benefit,  their  production  is  usually 
facilitated  using  highly  concentrated  nitric  acid,  which  is  also  one  of  the  process 
consumables. 


As  indicated  above,  the  process  can  cope  with  large  amounts  of  water  in  the  feed-stream, 
thus  making  it  well  suited  to  process  materials  which  have  been  extracted  from  shells 
utilising  steaming  or  water-jetting  technologies 

This  feature  would  also  allow  the  treatment  of  the  highly  bio-toxic  pink  and  red  water 
emanating  from  the  manufacture  of  explosives.  The  discharge  from  the  Silver-ll-plant, 
however,  could  directly  be  discharged  without  detrimental  effects  on  the  environment. 


3.1.1  The  Experiments 

Table  2  summarises  the  experimental  conditions  during  the  destruction  of  three  explosives 
and  one  triple  base  propellant.  The  cell  used  was  a  flanged  'H'-cell  configuration  with  the 
anolyte  and  catholyte  compartments  separated  by  a  Nation  324-ion  exchange  membrane. 
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After  pre-heating  the  anolyte  to  ca  80-85°C  a  current  was  passed  through  the  apparatus  to 
generate  Ag^'  5g  of  the  substance  under  test  was  then  added  to  the  dark  brown  solution. 
This  dark  colour  faded  during  the  process  and  it  was  this  change  in  colour  that  was  taken  as 
a  qualitative  measure  for  the  completion  of  the  reaction.  The  analysis  of  the  anolyte  solution 
used  for  the  four  runs  showed  a  TOC  (total  organic  carbon)  -  content  of  200  ppm. 


The  compounds  to  be  tested  were; 

a)  RDX 

b)  TNT 

c)  DEMEX  100  (plastic  explosive) 

d)  Triple  Base  propellant  (  50%  nitro-guanidine 

25%  nitro-cellulose  and 
25%  nitro-glycerine) 


Anolyte: 

SMHNOj/O.SMAgNOj 

Temperature: 

80-90  degrees  C 

Anode; 

Platinum  Foil,  10  cm^ 

Catholyte: 

12M  HN03 

Temperature: 

60  degrees  C 

Cathode: 

Stainless  Steel,  10  cm^ 

Sample  Size: 

5  g,  all  added  at  start  of  run 

Gas  Analysis 

Varian  3400  gas  cromatograph 

Poraplot  Q  column.  30  m  x  0.32  m  ID 

Finnegan  ITD  800.  direct  coupled 

Bio  Rad  S600  FTIR  spectrophotometer 

10  cm  gas  cell,  NaCI  plates 

TOC  Analysis: 

Ionics  555  TC  analyser 

Table  2;  Experimental  Details,  Explosives  Destruction 


3.1.2  Summary  of  Results; 

As  limited,  small  scale  batch  trials,  these  experiments  were  designed  as  “proof-of-principle". 
They  have,  however,  conclusively  shown  that  Ag(ll)  -  electrochemical  oxidation  can 
effectively  destroy  a  variety  of  explosives  and  a  triple  base  propellant.  There  have  not  been 
any  extra-ordinary  observations  during  the  experiments,  the  substances  used  behaved 
similar  to  other,  moderately  reactive  compounds. 

During  the  destruction  of  nitramine  explosives  considerable  amounts  of  N2O  were  produced. 
No  volatile  organic  compounds  were  detected  in  the  off  gases. 

There  have  been  no  observations  of  any  violent  or  adverse  reactions  at  any  stage  and  no 
other  nitrogen  oxides  but  N2O  were  produced. 
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3.2  Chemical  warfare  Agents 


Further  “proof-of  principle”  experiments  were  performed  at  CBDE,  Porton  Down,  under  the 
auspices  of  AEA,  These  test  involved  the  destruction  of  a  number  of  chemical  warfare 
agents,  namely  : 


a)  agent  GA  (Tabun) 

b)  agent  GB  (Sarin) 

c)  agent  VX 

d)  pure  S-mustard 

e)  weapons  grade  S-mustard 

f)  thickened  S-mustard  (Zah-LoSt) 


In  a  further  experiment  a  model  M55-rocket  (aluminium-shell)  was  destroyed,  containing  VX 
and  DNT. 

The  experiments  were  conducted  in  a  test-rig  constructed  by  AEA  Technology  at  Dounreay. 
It  was  based  on  a  standard  ICI  FM  01  electro-chemical  cell.  For  the  commissioning  phase 
simulants  with  a  similar  structure  to  the  compounds  under  study  were  used  (TBP,  DNT). 

CBDE  personnel  provided  the  agents  and  the  subsequent  analysis. 


3.2.1  Destruction  of  Pure  Agents 


The  agent  was  oxidised  to  carbon  dioxide,  carbon  monoxide,  mineral  acids  and  protons.  The 
silver  I  in  the  anolyte  solution  was  recycled  through  the  electrochemical  cell  to  continuously 
regenerate  silver  II  ions. 


The  anolyte  offgas  composition  was  measured  throughout  the  experiment  and  used,  along 
with  the  offgas  flowrate  and  cell  current,  to  calculate  the  electrochemical  efficiency  of  the 
Silver  II  process  of  the  destruction  of  each  agent.  The  electrochemical  efficiency  is  a 
measure  of  the  amount  of  current  required  to  destroy  the  agent  and  does  not  reflect  the  final 
level  of  organic  destruction  which  can  be  achieved. 


The  anolyte  offgas  also  contained  varying  levels  of  nitrous  oxide  and  volatile  organic  alkyl 
nitrates. 

The  protons  formed  in  the  anolyte  by  the  destruction  of  the  chemical  agents  were  transferred 
to  the  catholyte  as  part  of  the  electrochemical  process.  The  protons  were  consumed  in  the 
nitric  acid  reduction  and  formed  water,  they  did  not  combine  to  form  hydrogen. 
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The  gaseous  reaction  products  from  the  oxidation  of  the  agents  destrained  in  the  anolyte 
vessel  and  passed  through  a  -10  C  condenser  to  remove  any  volatilised  agent,  water  vapour, 
acid  vapour  etc.  The  dried  gas  then  passed  through  a  flowmeter  before  being  passed 
through  a  sodium  hydroxide  scrubber  and  discharged.  The  purpose  of  the  sodium  hydroxide 
scrubber  was  to  remove  any  agents  which  may  have  passed  through  the  condenser. 

The  anolyte  nitric  acid  and  sodium  hydroxide  solutions  were  sampled  at  regular  intervals 
throughout  the  experiment.  The  catholyte  nitric  acid  and  sodium  results  show  that  the 
organo-phosphorus  agents  could  not  be  detected  by  the  analytical  instrumentation  by  the  end 
of  the  first  hour  of  the  experiment.  Traces  of  the  S-mustard  agents  were  still  present  at  the 
end  of  the  second  hour  but  were  undetectable  by  the  end  of  the  experiment. 

3.2.2  Experiments  simulating  destruction  of  M55  rockets 

The  MSS  rocket  was  simulated  by  sealing  a  mixture  of  VX  and  DNT  in  a  small  aluminium 
capsule.  The  simulated  aluminium  capsule  was  placed  into  the  anolyte  solution  and 
dissolved  so  that  the  VX  and  DNT  were  exposed  to  contact  with  the  anolyte  solution. 

The  agent  and  DNT  were  totally  destroyed  by  the  action  of  the  Silver  II  process.  These 
experiments  were  carried  out  with  the  anolyte  temperature  controlled  at  50°C  and  90°C. 

3.2.3  Experimentation  Results 

The  peak  carbon-basis  electrochemical  efficiencies  for  the  destruction  of  the  various  agents 
are  shown  below; 


a)  Tributyl  phosphate  at  90°C  71% 

b)  Tributyl  phosphate  at  50°C  72% 

c)  Agent  GA  (Tabun)  at  50°C  41% 

d)  Agent  GB  (Sarin)  at  50°C  62% 

e)  Agent  VX  at  50°C  47% 

f)  Agent  HD  (distilled  S-mustard)at  50°C  87% 

g)  Agent  HT  (weapons  grade  G-mustard)  at  50°C  77% 

h)  Agent  THD  (thickened  S-mustard)  50°C  40% 

i)  TBP  simulant  M55  rocket  at  50°C  32% 

j)  VX  simulant  M55  roket  at  50°C  40% 

k)  VX  simulant  M55  rocket  at  90°C  48% 


The  chemical  agents  were  completed  destroyed  by  the  Silver  II  process  to  below  the  limit  of 
detection  of  the  analytical  instruments  used. 


The  experiments  show  that  the  carbon  content  of  the  chemical  agents  is  more  effectively 
destroyed  when  the  Silver  II  process  is  operated  at  90°C  rather  than  50°C. 

4.  Industrial  Plant  Configuration 

The  Dounreay  Silver-ll  Process  as  described  above  is  not  the  ideal  process  for  the  mass 
throughput  destruction  of  materials,  as  e.g.  incinerators.  The  relatively  low  cost  and 
availability  of  incineration  capacity  makes  stationary  Silver-II  plants  relatively  cost 
ineffective,  and  it  would  probably  take  a  long  time,  before  emission  regulations  and  general 
safety  considerations  alone  would  give  Silver-ll  an  advantage.  However,  from  the  start  of  the 
Silver-ll  development  until  now,  the  relative  cost  difference  between  incineration  and  Silver- 
ll  has  decreased  substantially. 

On  the  other  hand  the  Silver-ll  process,  being  low  temperature,  low  pressure,  lends  itself 
quite  ideally  to  a  modular,  mobile  or  transportable  design  for  the  destruction  of  materials, 
which  are  very  hazardous,  difficult  to  move  or  unacceptable  for  incineration  (Figure  2). 


Figure  2  Taking  the  Process  to  the  Problem 


An  operational  plant  would  consist  of  a  number  of  standard  ISO-containers  fitted  with  electro¬ 
chemical  circuits,  scrubbers,  control  and  instrumentation  and  power  supply.  Where 
necessary,  this  set-up  could  be  complemented  by  the  addition  of  a  power  generator.  A 
number  of  concepts  exist  for  plant  sizes  between  4kW  and  360kW,  based  on  standard  size 
units.  These  can  easily  be  upgraded  by  the  addition  of  more  modules,  until  the  required 
through-put  is  achieved. 
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As  the  process  is  non-discriminative,  a  plant  lay-out  for  the  worst  case  scenario  (super-toxic, 
highly  explosive)  would  cover  all  eventualities  without  major  plant  modification.  It  seems 
therefore  ideal  for  situations,  where  a  mixed  feed  of  unknown  composition  is  to  be  expected 
(e.g.  demil  remediation  projects).  However,  in  well  defined  application  scenarios  a  plant 
could  be  adapted  to  suit. 

The  process  can  be  relatively  easy  interfaced  to  complementary  technologies,  e.g.  a 
delaboration  unit.  From  the  delaboration  stand,  which  can  be  remote-controlled  or  manual, 
the  product  can  be  directly  fed  into  the  process.  This  is  made  easy  by  the  relatively 
widespread  use  of  water  or  steam  for  the  extraction  of  product  from  the  containing  shell. 
Water  is  needed  for  the  process  thus  there  is  no  need  for  a  water  separation  stage  before 
feeding  the  product  into  the  destruction  unit,  at  the  same  time  reducing  the  complexity  of  the 
plant  and  the  water  treatment  stages. 

5.  Summary  and  Conclusions 

The  Dounreay  Silver-ll  process  seems  a  feasible  technology  for  the  destruction  of  military 
and  civilian  pyrotechnics,  i.e.  those  containing  organic  compounds.  It  is  not  a  viable 
alternative  to  purely  non-organic  destruction,  although  a  certain  percentage  of  inorganic 
compounds  does  not  harm  the  operation  of  the  process. 

Where  the  bulk  destruction  of  low-hazardous  compounds  is  required,  or  where  materials  are 
non-problematic  for  conventional  technologies,  the  Silver-ll  process  cannot  commercially 
compete,  especially  against  incineration.  However,  products  from  incineration  could  be 
further  treated  by  Silver-ll.  It  is  therefore  seen  as  a  complementary  rather  than  an  alternative 
technology. 

The  process  can  be  applied  to  a  very  wide  range  of  liquid  and  solid  organic  materials.  These 
materials  can  also  be  treated  in  a  "mixed  feed",  making  it  very  versatile. 

Organic  compounds  are  converted  to  give  carbon  dioxide,  water  and  small  quantities  of 
inorganic  salts  and  nitrous  oxides,  depending  on  the  feedstock.  All  of  these  effluents  /  off¬ 
gases  can  be  treated  by  readily  available  technology  or  discharged. 

The  process  does  not  give  rise  to  toxic  species,  such  as  dioxins  or  dibenzofurans  which  have 
been  detected  in  the  discharges  of  incinerators.  The  organic  inventory  within  the  process  is 
kept  to  a  low  and  thus  safe  level. 

The  process  operates  at  low  temperatures  and  ambient  pressure,  reducing  the  risk  of 
inadvertent  leakage  into  the  environment.  It  can  be  rendered  inert  in  seconds,  by  simply 
switching  off  the  electrical  supply. 
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The  modular  concept  makes  the  process  ideal  for  containerisation,  allowing  to  take  the 
solution  to  the  problem.  In  many  cases  this  is  the  safer  alternative  to  moving  hazardous 
compounds  to  centralised  disposal  facilities.  It  is  anticipated  that  a  mobil  pilot  plant  will  be  in 
operation  by  the  end  of  the  year,  destroying  recovered  non-stockpile  chemical  rounds  in  a 
remediation  project  for  the  MoD. 
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Groftenanalyse  von  Feststoffpartikein  mit  Hilfe 
der  Laserbeugungsspektrometrie  am  Beispiel 
von  Gasgeneratorkomponeten 


Particle  Size  Determination  of  Gasgenerator 
Components  by  Laser  Light  Scattering 


U.  Teipel ,  U.  Forter-Barth 


Fraunhofer  Institut  fur  Chemische  Technologie  (ICT) 
Postfach  1240,  76318  Pfinztal 


Zusammenfassung 


Zur  Charakterisierung  disperser  Partikelkollektive  ist  die  Kenntnis  der  Partikelgrolie 
und  der  Partikelgrdfienverteilung  von  entscheidender  Bedeutung.  Bei  der  Vielzahl  an 
Meliverfahren,  die  zur  PartikelgrdfJenanalyse  zur  Verfugung  stehen,  findet  die 
Laserbeugungsspektrometrie  aufgrund  der  kurzen  Analysezeiten  und  der  guten  Re- 
produzierbarkeit  der  Meliergebnisse  immer  groBere  Anwendung. 

Die  Laserbeugungsspektrometrie  ist  ein  optisches  MeBverfahren,  welches  die  Infor¬ 
mation  einer  Streulichtverteilung,  die  durch  Wechselwirkung  mit  den  Partikein  gestor- 
te  Ausbreitung  von  Lichtwellen  bedingt  ist,  zur  Ermittiung  der  PartikelgrdSenver- 
teilung  auswertet. 

In  diesem  Beitrag  werden  Ergebnisse  der  Charakterisierung  von  Komponenten  von 
Gasgenerator  -  Reaktionsmischungen  mittels  Laserbeugungsspektrometrie 
vorgestellt. 


1  Einleitung 


Fur  die  Komponenten  einer  Reaktionsmischung  von  Airbag  -  Gasgeneratoren,  wie 
z.B.  Brennstoff-,  Oxidator-,  Katalysatorpartikel,  ist  die  PartikelgrbRe  und  die  Partikel- 
grdUenverteilung  neben  der  Partikelgestalt  und  den  Oberfiacheneigenschaften  eine 
wichtige  Produkteigenschaft.  Insbesondere  im  Hinblick  auf  Stoffumwandlungs-  und 
Reaktionsvorgange  ist  die  Partikelgrofte  und  die  von  ihr  abhangige  spezifische 
Oberflache  der  Partikel  von  entscheidender  Bedeutung. 


2  MeSverfahren  der  PartikelgroBenanalyse 


Zur  Bestimmung  von  Partikelgrofien  und  deren  Verteilungen  stehen  die  verschie- 
densten  MeUverfahren  zur  Verfugung.  Sie  unterscheiden  sich  insbesondere  durch 
ihr  physikalisches  Prinzip  und  durch  ihren  mdglichen  Melibereich.  Zu  den  bekann- 
testen  klassischen  Verfahren  zahlen  die  Trennverfahren  (Siebung,  Sichtverfahren), 
die  Sedimentationsanalyse  und  die  Zahiverfahren. 

Eine  weitere  Gruppe  MeBverfahren  zur  PartikelgrbSenanalyse  sind  die  optischen 
MeBmethoden  und  die  Ultraschallspektrometrie. 

Die  optischen  MeBverfahren  werden  i.a.  in  Verfahren,  welche  die  Streuung  von  Licht 
an  Partikein  nutzen,  und  abbildende  Verfahren  unterteilt.  Fur  die  abbildenden  Ver¬ 
fahren  seien  an  dieser  Stelle  beispielhaft  die  Kurzzeitfotografie  und  die  Impulsholo- 
grafie  genannt.  Bei  den  Streuiichtmethoden,  zu  denen  auch  das  im  folgenden  naher 
erlauterte  Verfahren  der  Laserbeugung  gehbrt,  steckt  die  Information  in  der  durch 
Wechselwirkung  mit  den  Partikein  gestorten  Ausbreitung  der  Lichtwellen.  Die  ge- 
messenen  Lichtsignale  kbnnen  sofort  in  elektrische  Signale  umgewandelt  werden, 
was  eine  sehr  schnelle  Ermittiung  der  gesuchten  Verteilung  ermoglicht.  Ein  weiterer 
Vorteil  der  optischen  MeRmethoden  besteht  in  der  Moglichkeit  der  In-line-Messung, 
d.h.  bei  einer  entsprechenden  optischen  Zuganglichkeit  des  Mehrphasensystems 
(z.B.  nicht  zu  hohe  Partikelkonzentration)  ist  die  Messung  der  PartikelgrbRe  ohne 
Storung  der  Stromung  mbglich.  Im  folgenden  wird  das  Verfahren  der  Laserbeu- 
gungsspektrometrie  naher  erlautert. 
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2.1  Laserbeugungsspektrometrie 


Die  Laserbeugungsspektrometrie  ist  ein  MeBverfahren  der  Partikelgrddenanalyse, 
das  die  Streuung  von  Licht  an  Partikein  ausnutzt,  urn  die  PartikelgroBenverteilung  zu 
bestimmen.  Die  von  einem  Partikel  bei  Einwirkung  eines  Lichtstrahls  ausgehende 
Streulichtstrahlung  laRt  sich  anhand  des  sogenannten  ”Mie-Parameters"  a  unter- 
schiedlichen  Bereichen  zuordnen. 


Tl-X 


(1) 


Je  nach  Lichtwellenlange  X  und  Partikeldurchmesser  x  unterscheidet  man  folgende 
Bereiche  des  Streuverhaltens  : 

a  «  1  Bereich  der  Rayleigh-Streuung 

0, 1  <  a  <  10  Bereich  der  Mie-Streuung 


a  »  1  Gultigkeitsbereich  der  geometrischen  Optik 
(Fraunhofer-Bereich) 


GroDenparameter  log  a 


Abb.  1  :  Funktion  der  Streulichtintensitm  vom  PartikelgroBenparameter  a 
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Die  Rayleigh-Streuung  ist  durch  eine  vollstandige  Symmetrie  in  Richtung  des  ein- 
und  ausfallenden  Lichtes  gekennzeichnet,  d.h.  das  Licht  streut  nach  vorne  und  hin- 
ten  gleich  stark.  Im  Rayleigh-Bereich  ist  somit  keine  Streulicht-PartikelgrdUenanalyse 
durchfuhrbar. 


Im  Mie-Bereich  ist  eine  PartikelgroGenanalyse  mittels  Streulicht  ab  einer  Partikel- 
groSe  von  etwa  0,1  pm  realisierbar.  Mit  zunehmendem  Mie-Parameter  a  gewinnt  der 
in  Vorwarts-Richtung  gestreute  Anteil  des  Lichtes  an  Intensitat;  der  nach  hinten  ge- 
streute  Anteil  wird  schwacher.  In  Abb. 2  ist  das  Streulichtverhalten  an  Wassertropfen 
(n  =  1,33)  unterschiedlicher  GroUe  (a  =  1,  a  =  6,  a  =  30)  in  Abhangigkeit  vom 
Streuwinkel  cp  als  Polardiagramm  dargestellt.  Man  erkennt,  wie  sich  mit  wachsendem 
Tropfendurchmesser  ein  Maximum  der  Streuintensitm  urn  den  Streuwinkel  9  =  0 
ausbildet. 


120® 


90® 


60® 


120® 


90® 


60® 


30® 


0® 


120®  90®  60® 


Abb.  2  ;  Lichtstreuung  an  kleinen  Partikein  (Polardiagramme  der  Mie-Streuung)  /  2  / 


Im  Gultigkeitsbereich  der  geometrischen  Optik  (a»1)  sind  Streulicht-PartikelgrdBen- 
analysen  unproblematisch.  Der  engste  Vorwartsbereich  der  Streuung  (Streuwinkel 
(p  ^  0)  wird  im  wesentlichen  durch  die  Beugung  bestimmt.  Die  Streulichtanteile  der 
Brechung  und  Reflexion  sind  hier  vernachlassigbar.  In  diesem  Bereich  ergibt  sich 
weitgehende  Ubereinstimmung  mit  den  Beugungserscheinungen,  die  an  einer  Kreis- 
scheibe  beobachtet  wurden  und  als  Fraunhofer-Beugung  bekannt  sind  /  3  /. 
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Zwischen  der  Partikelgrdlie  und  der  Streuwinkelverteilung  besteht  ein  direkter  Zu- 
sammenhang  (siehe  Abb.  2).  Eine  exakte  Berechnung  dieses  Zusammenhangs  ist 
mit  Hilfe  der  Theorie  nach  "Mie"  mdglich  I  4,  5  I.  Hierzu  ist  allerdings  die  Kenntnis 
des  komplexen  Brechungsindex  m  des  zu  untersuchenden  Materials  erforderlich  : 


m  =  n  -  i  ■  K 


(2) 


mit:  n  =  Brechungsindex 

k  •  A, 

K  =  Absorptionsindex  :  k  =  - -  ;  k  =  Absorptionskoeffizient 

4-7t-n 


Durch  den  komplexen  Brechungsindex  wird  die  optische  Stoffeigenschaft  eines 
homogenen  Fluids  beschrieben.  Da  die  Angaben  (n,  k)  oft  nicht  vorhanden  sind, 
arbeitet  man  in  vielen  Fallen  mit  einer  Naherungslosung,  der  sogenannten 
Fraunhofer-Naherung  /  6  /. 

Diese  Fraunhofer-Naherungslosung,  bei  der  angenommen  wird,  daS  die  betrachte- 
ten  Partikel  kugelfdrmig  und  absorbierend  seien,  ist  nur  fCir  die  Streuung  im  engen 
Vorwartsbereich.  wo  die  auftretende  Streulichtintensitat  im  wesentlichen  aus  der 
Beugung  der  einfallenden  Lichtquelle  an  der  Partikeloberflache  stammt,  erfullt.  Dies 
trifft  insbesondere  fur  Partikel  mit  einem  Durchmesser  x  >  3-5  pm  zu. 


Die  vom  Partikeldurchmesser  x  und  vom  radialen  Abstand  zur  optischen  Achse  r  ab- 
hangige  Streuiichtintensitatsverteilung  I(r,x)  wird  fur  ein  Partikel  durch  Gleichung 
(3)  beschrieben  : 


I(r,x)  =  Io 


r  /  ^^2 

7T 


jrxr 

TF 


(3) 


Dabei  steht  f  fur  die  Brennweite  und  J  i  fur  die  Besselfunktion  1 -Art,  1 -ter  Ordnung. 
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Bei  Untersuchungen  an  einem  Partikelkollektiv  erfoigt  eine  additive  Uberlagerung  der 
von  den  einzeinen  Partikein  erzeugten  Streulichtintensitaten.  Aus  den  gemessenen 
Steulichtintensitatsverteilungen  kann  die  PartikelgroBenverteilung  der  Probe  be- 
rechnet  werden  111. 


Medgerat 

Laserbeugungsspektrometer  werden  ftir  Messungen  von  PartikelgrdUen  im  Bereich 
von  0,1  fjm  bis  2000  pm  angeboten,  wobei  verschiedene  MeBbereiche  unter  Ver- 
wendung  eines  Detektors  durch  Variation  der  Brennweite  eingestellt  werden  konnen. 
Die  in  diesem  Beitrag  vorgestellten  Ergebnisse  warden  mit  dem  Laserbeugungs¬ 
spektrometer  "Mastersizer  X"  der  Fa.  Malvern  Instruments  ermittelt.  In  Abb. 3  ist  der 
prinzipielle  Aufbau  eines  Laser-Streulichtspektrometers  dargestellt. 

Das  MeBgerat  besteht  aus  einer  Sendeeinheit,  von  der  aus  der  He-Ne-Laserstrahl 
mit  einer  Wellenlange  X  =  632,8  nm  ausgesendet  wird,  und  einer  Empfangereinheit, 
die  die  Abbildungsoptik  und  die  Detektorelektronik  enthalt.  Die  Sender-  und  Empfan¬ 
gereinheit  konnen  auf  einer  optischen  Bank  montiert  Oder  z.B.  fur  Untersuchungen 
von  Mehrphasenstromungen  in  eine  Aniage  eingebaut  werden. 


optische 

Achse 


Abb.  3  ;  Prinzipieller  Aufbau  eines  Laserbeugungsspektrometers 
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Die  zu  untersuchenden  Partikel  werden  in  einer  kontinuierlichen  Phase,  die 
gegenuber  den  Partikeln  keine  Losungseigenschaften  aufweisen  darf,  suspendiert. 
Diese  Suspension  durchstromt  eine  DurchfluBkuvette,  die  von  dem  aufgeweiteten, 
parallelen  Lichtstrahl  durchleuchtet  wird. 

Das  von  den  Partikeln  gebeugte  Licht  bildet  auf  dem  haibkreisformigen  Detektor  ein 
radialsymmetrisches  Beugungsbild.  Bei  kugelformigen  Partikeln  besteht  das  Beu- 
gungsbild  aus  konzentrischen  dunklen  und  hellen  Ringen  (Beugungsringe).  Aus  der 
gemessenen,  radialen  Intensitatsverteilung  dieser  Beugungsringe  kann  auf  die  Par- 
tikelgrolienverteilung  des  Kollektives  geschlossen  werden. 

Besonders  gut  geeignet  ist  dieses  Verfahren  fUr  PartikelgroRen  x  >  3-5  pm.  Fur 
kleinere  Partikel,  insbesondere,  wenn  die  PartikelgrbUe  im  Bereich  der 
Lichtwellenlange  (;^  =  632,8  nm)  liegt,  gibt  die  Fraunhofer-Naherung  die  realen 
Verhaltnisse  nur  ungenugend  wieder.  In  diesem  Grblienbereich  liegt  ein  ent- 
scheidender  Einflufi  des  komplexen  Brechungsindex  der  Partikel  auf  die  Melier- 
gebnisse  vor.  Bei  Kenntnis  des  Brechungsindexes  und  des  Absorptionskoeffizienten 
sollte  die  Berechnung  der  Grd lien vertei lung  mit  Hilfe  der  Mie-Theorie  durchgefuhrt 
werden.  Die  Mie-Theorie  findet  ebenfalls  Anwendung,  wenn  bei  transparenten 
Partikeln  der  Brechungsindex-Unterschied  zwischen  den  Partikeln  und  der  konti¬ 
nuierlichen  Phase  gering  ist,  bzw.  wenn  der  Quotient  n*=  np/n^  ->1- 

Ein  entscheidender  Vorteil  der  Laserbeugungsspektrometrie  liegt  in  der  geringen 
Melizeit,  insbesondere  im  Vergleich  zu  einigen  nicht-optischen  Meliverfahren. 


3  Versuchsergebnisse 

Im  folgenden  werden  Untersuchungen  zur  Bestimmung  der  Partikelgrblie  und  der 
Partikelgrblienverteilung  von  Airbag -Gasgenerator-Komponenten  am  Beispiel  von 
Kataiysatoren  mit  Hilfe  der  Laserbeugungsspektrometrie  vorgestellt. 

Die  Partikel  werden  in  einer  gegenuber  den  Partikeln  unloslichen,  kontinuierlichen 
Phase  dispergiert  und  durch  die  Messktivette  gefbrdert.  Fur  die  untersuchten 
wasserunloslichen  metallischen  Kataiysatoren  diente  Wasser  (Brechungsindex  n|^  - 
1,330  )  als  kontinuierliche  Phase.  Die  Berechnung  der  Grdlienverteilung  eines 
Partikelkollektivs  wurde  mit  der  Fraunhofer-Naherungslosung  und  mit  Hilfe  der 
Theorie  von  Mie  durchgefuhrt. 


(x)eb 


Abb.  4  zeigt  die  nach  der  Fraunhofer-Naherung  ausgewerteten  Volumensummen- 
Q3(x)  und  Volumendichteverteilung  q3(x)  einer  Gasgenerator-Katalysatorfraktion  mit 
einem  Medianwert  X50  3  =  53,5  |jm.  Die  Lageparameter  dieser  Verteilungsbreite 
betragen  Xio,3  =  17,2  pm  und  X9o,3  =  114,5  pm. 


Abb.  4  ;  Volumensummen-  Q3(x)  und  Volumendichteverteilung  q3(x) ; 
Metallischer  Katalysator  (Kat.4) ,  Auswertung  :  Fraunhofer 


In  diesem  GroBenbereich  und  bei  Partikein  mit  metallischer  Oberfiache  ergeben  die 
Auswertung  nach  der  Fraunhofer-Naherung  und  die  Auswertung  nach  der  Mie- 
Theorie  mit  dem  entsprechenden  Brechungsindex  (n=1,7  und  n=1,9)  und 
Absorptionskoeffizienten  k=  0,1  identische  Werte  der  Verteilung  (sieheAbb.  5). 


Der  Medianwert  dieser  Katalysatorpartikelfraktion  betragt  bei  der  Auswertung  nach 
der  Mie  -  Theorie  X50  3  =  54,4  pm  und  die  Lageparameter  der  Verteilungsbreite 
betragen  x-iq.s  =  17,8  pm  und  X903  =  115,7  pm. 


Q3(x) 
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Abb.  5  :  Volumensummen-  Q3(x)  und  Volumendichteverteilung  q3(x) : 

Metallischer  Katalysator  (Kat.4) ,  Auswertung  :  Mie  n  =  1,7  ;  k  =  0,1 


Fur  eine  weitere  Fraktion  metallischer  Katalysatorpartike!  ergab  die  Auswertung  nach 
der  Fraunhofer-Nahrerungslosung  ein  Medianwert  von  X5o_3  =  11,8  pm.  Die 
Auswertung  der  PartikelgroBenverteilung  nach  der  Theorie  von  Mie  ergab  ein 
Medianwert  X503  =  12,3  pm.  Auch  fur  die  Breite  der  PartikelgrbBenverteilung 
ergaben  sich  fur  diese  Fraktion  nahezu  identische  Werte. 


Diese  Ergebnisse  machen  deutlich,  daU  in  diesem  GrbSenbereich  und  bei  Partikein 
mit  metallischer  Oberflache  die  Berechnung  der  PartikelgrbUenverteilung  nach  der 
Fraunhofer  Nahrerung  und  der  Mie-Theorie  keinen  Unterschied  der  PartikelgrbSe 


Q3(x) 
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Bei  der  Bestimmung  der  Grolienverteilung  von  kleineren  (  a  <  10  ),  transparenten 
Partikein  mit  Hilfe  der  Laserbeugungsspektrometrie  ist  die  Anwendung  der  Mie 
Theorie  erforderlich,  da  bei  der  Auswertung  nach  der  Fraunhofer-Naherungslosung 
ein  nicht  vorhandener  Feinanteil  ermittelt  wird.  Nahere  Information  siehe  / 12  /. 


Zusammenfassend  kann  festgestellt  werden,  dalJ  die  Bestimmung  der  Partikelgrbfie 
und  der  PartikelgrbfJenverteilung  mit  Hilfe  der  Laserbeugungsspektrometrie  fur 
Feststoffpartikel,  Suspensionen,  Emuisionen  und  Aerosolen  erfolgen  kann.  Bei  einer 
notwendigen  Dispergierung  der  Partikel  kann  die  kontinuierliche  Phase  bezuglich  der 
Lbslichkeit  und  des  Brechungsindexverhaltnisses  auf  die  zu  untersuchenden  Partikel 
abgestimmt  werden. 
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INTRODUCTION  ; 

In  the  modern  battlefield,  a  large  numbers  of  sophisticated 
opto- e 1 ec tron ic  systems  like  lasers,  i mage- i n tens i f i ers ,  active 
sights,  passive  night  vision  devices  called  thermal  imagers,  etc, 
are  in  use^^\  which  provide  the  weapon  system  unparalleled 
accuracy,  first  strike  capability  and  killing  power.  Several 
infra-red  IIR)  countermeasures  are  underdevelopment  to  these 
modern  systems.  Some  of  these  are  : 

(i)  Paint  films  of  low  emissivity  to  minimise  the  temperature 

{ 2  ) 

contrast  between  surface  of  vehicle  and  surroundings 

lii)  Use  of  special  mate  rial  nets,  mats,  umbrellas  to  r  ed  uc  e  the 

{  3  ) 

thermal  signature  of  targets 

Infra-red  jammers , wh i ch  confuse  IR  seekers  of  incomins 
(4) 

missiles 

(iv)  Infra-red  decoy  flares  and  chaff,  which  protect  targets  b 
distraction  and  seduction^^\ 

Iv)  Heat  suppression  techniques  for  engines  and  use  of  exhaust 

/  O  \ 

pipes  for  diluting  the  exhaust  gases  by  air 

(vi)  Utilisation  of  'stealth'  techniques,  whereby  it  is 
possible  to  reduce  the  signature  of  the  target  by  suitable  -design 
and  by  chemical  and  electronic  appl  icat  ions ^ ^ ^ .  and 

(vii)  Use  of  smoke  screens. 


Smoke  screens  can  be  produced  using  mortars,  guns, 

hand  grenades,  grenade  launchers  mounted  on  tanks  and  armoured 

(  0  ) 

personnel  carriers  < APCs )  and  can  reduce  the  effectiveness  of 
conventional  weapons  by  three  to  four  times  and  blinding  smoke  by 
as  much  as  fifteen  times  ,  In  addition  to  a  large  number  of 
uses  of  smokes  in  civil  and  defence  f  i  e I ds ,  s mokes  can  degrade 
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the  effectiveness  of  guidance  and  control  systems  of  modern 
weapons  and  are  believed  to  be  more  effective  than  even  high 


{ 10-15) 


\  1  u-  JL t 

explosives  in  limiting  their  effectivenes 

Since  IR  countermeasures  using  smoke  screen  is  cheap,  free 
from  electronic  jamming,  practical  and  easily  deployable,  a 
number  of  studies  have  been  carried  out  ^  in  the  past. 

These  studies  broadly  cover  theoretical  predictions,  facilities 
for  evaluation  of  IR  screening  smokes  and  the  determination  of 
optical  properties  of  pyrotechnic  smokes  using  either  IR 
spectrophotometer/FT IR.  However,  compositional  details  are  not 
available  for  pyrotechnic  smoke  formulations.  Moreover,  only 
hexachl oroethane  <HCE)  based  smoke  composition  has  been  tried 
and  no  formulations  using  hexach 1  or obenzene  < HCB )  based  smoke 
compositions  are  mentioned.  However,  a  recent  review  article  on 

IR  smokes,  covers  their  formulation,  processing  and 

,  <29) 

evaluation 

In  the  present  study,  a  number  of  compositions  based  on 
hexachloroethane  and  hexach 1 orobenzene  along  with  various 
oxidisers,  metallic  fuels  and  other  additives  were  formulated, 
processed  and  evaluated.  IR  smoke  studies  include  evaluation  for 
anti-thermal  role  using  IR  spec t rorad i ome ter  and  morphology  and 
elemental  composition  of  aerosols  produced.  The  attenuation 
results  obtained  for  the  various  pyrotechnic  smoke  compositions 
have  been  discussed  and  mechanism  of  action  of  IR  screening  smoke 


expl ained. 


2. 


EXPERIMENTAL 


Nine  pyrotechnic  smoke  compositions  were  formulated  and  were 
pelleted  (dia  40mm,  dead  load  12  tons), using  hydraulic  press.  The 
processing  technique  followed  is  as  described  in  The  Text  Book 

.  c  -  1  1  • 

or  Filling  .  The  broad  compositional  details  are  given  in 
Table  -  1  and  Table  -  2.  Even  though  the  range  is  given,  only  one 
composition  was  studied.  The  pelleted  smoke  compositions  were 
ignited  inside  an  aluminium  cubical  chamber  of  volume  1.82m^ 
(with  windows  on  opposite  walls  that  could  be  opened  or  closed) 
placed  in  between  the  source  of  IR  radiation  and  IR 

spectroradiometer  (Model  SR-5000,  M/ s . RMP , F ranee )  as  shown  in 
Fig.l.  The  smoke  produced  was  stirred  for  5-10  secs,  for  uniform 
mixing  of  particulate  materials.  Using  150  W  IR  lamp  as  source 
and  pyroelectric  lithium  tantalate  detector,  measurements  were 
carried  out  in  radiometric  mode  (IR  output  Vs  time)  in 

wavelength  bands  2-2.4  urn,  3-5  urn  and  8-13  urn.  The  distance 
between  the  IR  radiometer  and  source  was  12  meters.  The  % 

attenuation  was  computed  using  the  formula 


%  Attenuation 


lo  -  Is 


WHERE,  lo  represents  radiant  intensity  of  source  without 
smoke  screen. 

Is  represent  radiant  intensity  of  source  with 
smoke  screen 


Measurements  were  also  repeated  using  indium  ant imon ide/mercur 
cadmium  telluride  (InSb/MCT)  sandwich  detector  (cooled  by  liquid 
nitrogen)  in  radiometric  mode  as  well  as  spectral  mode 
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(wavelength  Vs.  IR  output)  and  attenuation  obtained  at  3.7  urn  and 
10.6  um  discrete  wavelengths.  In  these  experiments,  the  IR  lamp 
source  was  replaced  by  a  3  kW  hot  plate  connected  to  a  rheostat. 


The  morphology  of  the  aerosol  was  determined  separately 
using  scanning  electron  microscope  (JEOL, Model  JSM-840, J apan ) . 
The  aerosol  particles  were  generated  by  combustion  of  2g  pelleted 
smoke  composition  (ZOram  dia  and  dead  load  10  tons)  in  an 
enclosure  of  dimensions  1.4  x  0.8  x  1.  1  metres.  The  aerosol 

particles  were  allowed  to  settle  on  SEM  specimen  studs  having 
double  sided  adhesive  tape  by  using  a  buchner  funnel  and  vacuum 
pump.  Thereafter,  the  specimen  studs  were  coated  with  a  thin 
layer  of  carbon  using  the  coating  unit.  The  SEM  observations  were 
conducted  using  an  accelerated  voltage  of  20  kV  (kilovolts).  Only 
few  representative  micrographs  are  presented  in  this  paper.  The 
qualitative  elemental  compositions  of  aerosol  particulates 
(observed  under  SEM)  were  simultaneously  determined  for  elements 
sodium  and  subsequent  elements  of  higher  atomic  number  using 
energy  dispersive  X-ray  spectrometer  (Kevex  International 
Corporation,  USA).  The  results  are  given  in  Table  3.  The  electron 
micrographs  of  particulates  generated  from  few  pyrotechnic  smoke 
compositions  are  shown  in  photographs  1  to  4.  The  spectrograms 
obtained  from  the  particulates  from  various  pyrotechnic  smoke 


compositions  are  shown  in  Fig. 2  to  Fig. 8. 


3. 


RESULTS  &  DISCUSSIONS  : 

It  can  be  seen  from  results  (Table  1)  that  smoke 

compositions  HCE,  anthracene,  KCIO4  (Compn.  No.l),HCE  anthracene 
Mg.  powder  (Compn.  No. 2),  HCB,  2n0,  Mg/Al  alloy  (Compn.  No. 3). 
HCB,  anthracene,  Mg.  powder  (Compn.  No. 4)  produced  average 

attenuation  of  92  to  99%  in  2-2.4  urn.  77  to  97%  in  3-5  urn  and  33 
to  41%  in  8-13  urn  wave  bands  respectively,  whereas  compositions 
containing  HCE,  Al,  CaSi2.  Silicon  ( Compn. No. 5 ) ,  HCE,Al,Ti02 

(Compn. No. 6 ) ,  HCE,  Al,  2n0  (Compn. No. 7)  gave  average  attenuation 
of  16  to  53%  in  2-2.4  um,  11  to  49%  in  3-5  urn  and  13-22%  in  8-13 
urn  range  respectively.  Compositions  HCE,  2n0,  CaSi2,  KNO3 

(Compn. No. 8 ), HCE,  2nO,CaSi2,  KNO3, Rosin  (Compn.  No. 9)  have  given 
average  attenuation  40  to  65%  in  2-2,4  urn,  32  to  38%  in  3-5  um  and 
5  to  8%  in  8-14  um  range  respectively.  These  results  indicate 
that  the  compositions  based  on  HCE , an th racene ,  KC 1 O4  (Compn. No. 1) 
HCE,  anthracene.  Mg  powder  (Compn. No, 2 )  ,  HCB,  2n0,  Mg/AI  alloy 
(Compn. No. 3) ,  HCB,  anthracene,  Mg  powder  (Compn, No. 4)  are  more 
effective  than  compositions  containing  HCE,  Al,  CaSi2,  Silicon 
(Compn.  No. 5),  HCE,  Al,  Ti02  ( Compn . N o . 6  )  ,  HCE,  Al,  2n0  (Compn. 
No. 7),  HCE,  2n0,  CaSi2.  KNO3  (  Compn.  No,  8  ) ,  HCE,2nO,  CaS  i,  2« 

Rosin  (Compn. No. 9)  in  attenuating  radiation.  This  is  also  borne 
out  by  the  results  given  in  Table  2,  where  attenuation  produced 
at  specific  wavelengths  3.7  um  and  10.6  um  are  higher  for 
compositions  HCE,  anthracene,  KC 1 O4  (Compn. No. 1)  HCE , an thracene  Mg. 
powder  (Compn.  No,2>,  HCB,  2n0,  Mg/Al  alloy  (Compn,  No. 3),  HCB, 
anthracene,  Mg,  powder  (Compn.  No. 4)  as  compared  to  HCE,  Al, 
CaSi2,  Silicon  ( Compn . No. 5 ) ,  HCE,  Al,  Ti02  ( Compn. No. 6 ) ,  HCE,  Al, 
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ZnO  (Compn.  No,  7  )  HCE,2nO,  CaSi2.  KNO3  { Compn.  No.  8  )  ,  HCE,  ZnO, 

CaSi2,  KNO3,  Rosin  (Compn,  No. 9 ) . H  i ghes t  attenuation  produced  by 

composition  HCE,  an th racene , KC 1 0^  ( Compn. No. 1 ) .  HCE , an thracene ,  Mg 

(Compn. No.  2)  ,  HCB.ZnO,  Mg/Al  alloy  (Compn. No.  3) ,  HCB,  anthracene. 

Mg  powder  (Compn. No. 4)  may  be  due  to  high  concentration  of  carbon 

particles  produced  during  thermal  decomposition  of  the  hydro 

carbon  to  produce  carbon  particles.  This  is  corroborated  by  oxygen 

balance  of  the  compositions  studied  (Table  1).  Compositions 

having  higher  (negative)  oxygen  balance  show  higher  attenuation 

due  to  comparatively  more  car bon/ carbonaceous  matter  formation,  A 

large  number  of  primary  carbon  particles  build  aggregates  in  the 

form  of  chains  or  clusters  due  to  the  adsorption  on  to  the 

surface  of  the  growing  particles.  Due  to  this  adsorption,  the  new 

layers  are  always  oriented  parallel  to  the  existing  surface.  Also 

several  particles  join  by  collission  while  they  grow  and 

aggregates  are  formed  by  further  carbon  deposition  on  these 

initially  loose  aggregates.  It  is  a  known  fact  that  carbon  black 

rearranges  to  graphitic  order  beginning  at  the  particle  surface, at 

(31) 

temp,  above  1200*C  and  assume  polyhedral  shape  at  3000*C  .  It 

is  also  reported  that  giant  cage  like  molecules  containing  '16O  or 
more  carbon  atoms  in  the  form  of  balls  can  be  formed  during  the 
carbon  vaporising  process.  These  are  called  buckyballs  and 
possess  optical  limiting  qualities  due  to  the  large  size  of 
molecule  .  The  major  contributing  factor  towards  effectiveness 

of  carbon  producing  pyrotechnic  smoke  composition  in  attenuating 
IR  radiation  is  aggregates  of  carbon  in  form  of  chains  and 
clusters  of  400  urn  length  as  well  as  round  cage  like  molecules  of 


about 

the 

2nCl2 

would 
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100  um  diameter.  These  carbon  aggregates  are  suspended  in 
aerosol  due  to  other  inorganic  particulates  (like  MgCl2f 
etc. )  and  the  thermal  lift  due  to  the  pyrotechnic  reaction 
assist  in  suspending  the  large  sized  carbon  aggregates. 
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TABLE  i  :  ATTENUATION  PRODUCED  BY  SMOKE  ^  DIFFERENT  WAVELENGTH 

BANDS  UNDER  LOW  HUMIDiTY  (<50%  RH )  USING  PYROELECTRIC 
DETECTOR. 


Sr. 

No. 

Ingredients  of 
smoke  compn. 

Nominal 

% 

Ave.X  attenuation  at  wavelength  bands 
(Max. variation  +4%> 

2-2.4  urn  3-5  urn  8-13  urn 

Oxygen 

Balance 

1. 

Hexachl oroethane 

15-40 

Anthracene 

15-40 

94 

83 

33 

-72.6 

Pot. perchlorate 

30-50 

2. 

Hexachl oroethane 

40-80 

Magnesium  powder 

15-25 

92 

77 

36 

-82.5 

Anthracene 

05-30 

3. 

Hexachl orobenzene 

40-80 

2inc  oxide 

05-20 

99 

97 

41 

-49.2 

Mg/Al  anoy{50;50) 

10-20 

4. 

Hexach 1 orobenzene 

40-80 

Anthracene 

05-30 

95 

78 

41 

-109.6 

Magnesium  powder 

15-25 

5. 

Hexachl oroethane 

40-85 

Aluminium 

01-10 

48 

49 

22 

-25.7 

Calcium  si  1 icide 

05-15 

Si 1  icon 

05-15 

6. 

Hexachl oroethane 

40-85 

Aluminium 

05-15 

16 

11 

13 

-10.6 

Titanium  dioxide 

15-35 

7. 

Hexachl oroethane 

20-70 

Aluminium 

05-15 

53 

25 

14 

-10.2 

Zinc  oxide 

30-70 

8. 

Hexachl oroethane 

20-60 

Zinc  oxide 

20-60 

40 

32 

05 

-9.5 

Calcium  sil  icide 

10-25 

Potassium  nitrate 

01-05 

9. 

Hexachl oroethane 

20-60 

Zinc  oxide 

20-60 

Calcium  si  1  icide 

10-25 

65 

38 

08 

-14,0 

Potassium  nitrate 

01-05 

Rosin  1C2o^30*^2^ 

01-10 

TABLE  2  ;  ATTENUATION  PRODUCED  BY  SMOKE  AT  SPECIFIC  WAVELENGTHS 

UNDER  LOW  HUMIDITY  <<50%  RH )  USING  CMT/InSb  SANDWICH 
DETECTOR. 


S  r . 
No. 

ingredients  of 
smoke  compn. 

Nominal 

% 

Ave.%  attenuation  at  wavelength 
(  Max.  var  iat  ion  j_4%  ) 

SPECTRAL  MODE  RADIOMETRIC  MODE 

3,7um  10. Gum  3.7um  10.6um 

1. 

HeKachl or oe thane 

15-40 

Anthracene 

15-40 

68 

30 

71 

44 

Pot. perchlorate 

30-50 

2. 

Hexachloroethane 

40-80 

Magnesium  powder 

15-25 

71 

26 

75 

37 

Anthracene 

05-30 

3. 

Hexachlorobenzene 

40-80 

Anthracene 

05-30 

87 

34 

82 

39 

Magnesium  powder 

15-25 

4. 

Hexachloroethane 

40-85 

A ! um ini  urn 

01-10 

31 

22 

32 

24 

Cal cium  silicide 

05-15 

S i 1  icon 

05-  15 

5, 

Hexachloroethane 

40-85 

Aluminium 

05-15 

1  1 

11 

12 

16 

Titanium  dioxide 

15-35 

6, 

Hexachloroethane 

20-70 

Aluminium 

05-  15 

24 

13 

30 

15 

Zinc  ox ide 

30-70 

7. 

Hexachloroethane 

20-60 

Zinc  oxide 

20-60 

26 

10 

26 

09 

Calcium  silicide 

10-25 

Potassium  nitrate 

01-05 

8. 

Hexachloroethane 

20-60 

Zinc  ox  ide 

20-60 

Calcium  silicide 

10-25 

18 

02 

27 

08 

Potassium  nitrate 

01-05 

Rosin  <C2oH3q021 

01-10 
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TABLE  3  :  HORPHOLOGY  AND  ELEHENTAL  COMPOS ITIOH  OF  AEROSOLS  PRODBCED 


FROM  PYROTECHNIC  SMOKE  COMPOSE tONS 


Sr.  Ingredients  of 
No.  sioke  coipn. 


Morphology 


Eieientai 
Coiposition 
of  particle 


1.  Hexachloroethane 
Anthracene 
Pot. perchlorate 


Carbon  chains, fibrous 
porous  iulti  layer 
alongwith  inorganic 
particles  ji  spherical 
hollow  carbonaceous 
particles 


More  than  200  ui  long  carbon 
chains  CaCl2  particles  are 
spherical  i  size  iOui.KCl  is 
irregular  shape  of  5  ui,AlCl3 
particle  is  round  of  size  Out, 
SiCl^  is  irregular  shaped  of 
size  lOue. 


2.  Hexachloroethane 
Hagnesiut  powder 
Anthracene 


More  than  400ut  long  carbon 
chains, thickness  1.3ui.  Sphe¬ 
rical  hollow  carbonaceous  par¬ 
ticles  of  diateter  approx. 

100  ut.  KCl  particle  of  size 
3.5  ui  L  less,  round  MgCl2 
particles  of  size  2-3  ui  and 
less. 


3.  Hexachlorobenzene  40-80 
Zinc  oxide  05-20 

Mf/Al  alloyl50:50)  10-20 


Long  carbon  chains 
fibrous  porous  eulti- 
layer  alongwith  in¬ 
organic  particulates 
and  spherical  hollow 
carbonaceous  particles 


More  than  3O0ut  long  carbon 
chain.  Stall  MgCl2  L  2nCl2 
particles 


4.  Hexachloroethane 
Alutiniut 
Caiciut  silicide 
Silicon 

5.  Hexachloroethane 
Alutiniut 
Titaniut  dioxide 


40-85  Owal  shaped  particles 
01-10  joined  together  to  give 
05-15  a  chain  and  also  ir re- 

05-15  gular  shaped  particles 


Oval  shaped  particle  have  size  Si,  A1,C1  - 
5-20  ut  and  chain  length  lOOut  large  aiounts 
K,Ca  - 

Stall  atounts 


Spherical  tasses  i  irre-  The  spherical  tasses  have  size  Spherical  tasses 
gular  shaped  particulate  approx. 30ut  and  consist  of  agglo-  K,C1  -  Large  atount. 

lerates  of  chlorides  lA  oxides)  Al,Si,Ti-  Stall  atount. 
of  K,Si,Al,Ti  It  Fe.The  irregular  Irregular  shaped  particles 
shaped  particles  have  size  a)  Al,Si  -  large  atounts 

5-25ut  and  consist  of  chlorides  Ca,K,Ca,Fe-  Stall  att, 

(L  oxide)  of  Al.  Si.  K,  Ca  A  Fe  b>  Al,Cl  -  Large  atount 

K  -  Stall  atount 


Hexachloroethane 

20-70 

Chain  of  particles 

Alutiniut 

05-15 

&  aggloierates  of 

Zinc  oxide 

30-70 

particles 

Hexachloroethane 

20-60 

individual  irregular 

Zinc  oxide 

20-60 

shaped, aggloierates  of 

Caiciut  silicide 

10-25 

particles  &  chain  of 

Potass iut  nitrate 

01-05 

particles 

The  individual  particles  in  the 
chain  have  size  less  than  1  ut 
The  chain  has  length  150ut.  The 
aggloaerates  of  particles  have 
size  100  UI. 

Individual  particles  have  size 
less  than  lOui.  Aggloierates 
are  75ui  size  &  chain  is  60  ut 
long. 


Cl,  Zn  -  Large  atounts 
Si  -  Stall  atounts 


Individual  particles  : 
Ca  -  Large  aiounts 
Si  -  Stall  aiounts 
Aggloierates  I  Chain 
Zn,CI  -  Large  atounts 
Ca.Si  -  Stall  aiounts 
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SR  5000 

SMOKE 

SOURCE  OF 

COMPUTERISED  IR 

€ - 

CHAMBER 

IR  RADIATION 

SPECTRO  RADIOMETER 

(IR  LAMP  OR  HOT  PLATE) 

piQ-i-  experimental  set  up  for  rad/ometric  study. 


Fl<3.2;  SMOKE  COMPOSITION  HCE  +  ANTHRACENE+ M4GNESIUM 


FIG'S'-  SMOKE  COMPOSITION  HCE  +  KCIO4+ ANTHRACENE 


FIG.4-  :  SMOKE  COMPOSITION  HCB  +Z.nO+  MAGNESIUM 


FIG. 8  :  SMOKE  COMPOSITION  HCE+CaSio+KNOs+ZyiO 
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A  PROPOSED  SCHEME  FOR  THE  EVALUATION  OF  MATERIALS 
WITH  PYROTECHNICS  IN  ROCKET  MOTOR  IGNITERS 


Barry  Merchant  and  Mike  Keeton 


British  Aerospace  Defence  Limited 
Royal  Ordnance 
Rocket  Motors  Division 
Summerfield,  Kidderminster 
Worcs,  DYll  7RZ 
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ABSTRACT 

A  proposed  scheme  for  the  assessment  of  materials  with  pyrotechnic  compositions 
currently  processed  at  Royal  Ordnance  Rocket  Motors  Division  is  described.  Central 
to  the  scheme  is  that  testing  must  not  only  address  the  long  term  reliability  and 
functioning  of  an  igniter  but  also  the  on-site  process  safety  requirements. 
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INTRODUCTION 


All  materials  contained  in  an  explosive  device  such  as  a  rocket  motor  igniter  have 
to  be  physically  and  chemically  compatible  with  each  other  and  the  explosive 
constituents.  The  prime  requirement  of  any  testing  is  to  ensure  safety  and 
reliability  during  both  manufacture  and  the  service  life  of  the  store.  The  on-site 
requirement  includes  evaluation  of  materials  such  as  process  aids,  adhesives,  potting 
agents,  seals  etc  which  may  present  a  safety  hazard  during  assembly,  whilst 
service  aspects  are  concerned  with  the  long  term  functioning  of  the  device. 

Generally  there  is  less  data  available  with  regard  to  the  interaction  of  materials 
with  pyrotechnic  composition  than,  for  example,  that  available  for  the  rocket 
propellant.  This  possibly  eminates  from  difficulty  in  applying  a  testing  scheme 
involving  pyrotechnics  as  opposed  to  double  based  propellants.  Propellants  can  be 
assessed  by  stabilizer  depletion  or  gas  evolution,  using  methods  which  are  amenable 
to  quantitative  analysis.  In  the  case  of  pyrotechnics  however,  reactive  gas  volumes 
are  usually  low  and  no  stabilizer  is  present. 

A  typical  pyrotechnic  igniter  device  is  shown  in  Fig  1.  In  this  design  powder  and 
pellets  comprising  of  magnesium  and  potassium  nitrate  are  used  and  typifies  modern 
igniter  construction.  All  materials  with  the  exception  of  the  metal  components, 
which  by  experience  are  known  not  to  present  a  hazard  would  have  to  undergo 
assessment.  This  could  be  simply  read-across  from  similar  devices  or,  when  this  is 
not  possible,  by  the  scheme  described. 

The  two  pyrotechnic  formulations  most  commonly  used  in  solid  rocket  motor  igniter 
systems  are 


Boron 

Potassium  Nitrate 
Volatiles 

Material  retained  on  a  600  urn  sieve  ....  Nil 


% 

30 

70 

0.25  max. 


Magnesium 
Potassium  Nitrate 
Protective  Resin 
Volatiles 

Material  retained  on  a  600  urn  sieve  ....  Nil 


% 

42.0 

50.0 

8.0 

0.20  max. 
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By  nature  the  compositions  are  highly  reactive.  A  characteristic  of  pyrotechnic  is 
the  adverse  effect  moisture  even  in  small  amounts  has  on  performance.  With 
magnesium  mixtures  a  protective  resin  is  incorporated  to  coat  the  magnesium 
particles  to  minimize  the  effect  of  moisture  ingress.  Moisture  can  lead  to  corrosion 
of  the  device  and  gas  evolution,  giving  rise  to  rupture  of  sealing  foils  in  extreme 
cases.  Therefore  when  considering  the  use  of  a  material  in  the  proximity  of  powder 
or  pellets  a  critical  examination  of  the  material,  and  any  associated  moisture  must 
be  undertaken.  For  example  any  system  based  on  a  condensation  reaction  must  be 
treated  with  caution. 


Tests  which  measure  any  oxidation  of  the  fuel  for  example. 


(O) 

Mg  ^  MgO 


(O) 

B  _ ^  BgOg 


would  appear  to  offer  a  solution  to  measuring  the  ability  of  a  composition  to 
function  satisfactorily.  However  it  has  been  demonstrated  that  even  with 
significantly  reduced  levels  of  fuel  (upto  50%)  in  a  fresh  mixture,  can  continue  to 
give  acceptable  proof  tests.  Despite  this  the  measurement  of  Mg/MgO  ratio  is  not 
completely  dismissed  since  degradation  rate  can  be  monitored  and  may  be  significant 
in  obtaining  an  overall  picture.  The  proposed  scheme  recognises  that  life  prediction 
tests  are  not  possible  with  pyrotechnics  in  the  same  way  as  those  applied  to 
propellant.  The  scheme  is  designed  however  to  verify  safety  and  confirm  continued 
performance  to  the  design  standard. 

Where  a  material  would  be  rejected  by  the  test  scheme  the  Technical  Authority  may 
call  for  a  further  critical  assessment  using  tests  better  suited  to  individual  service 
requirements.  This  is  relevant  where  the  initiator  has  no  alternative  material  to 
use.  If  there  is  any  doubt  about  the  interpretation  of  results  the  Laboratory 
Manager  or  Technical  Authority  must  be  consulted. 
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SAMPLE  PREPARATION 

The  test  material  is  finely  divided  such  that  an  intimate  mix  of  pyrotechnic  is 
obtained.  This  is  particularily  significant  for  both  impact  and  thermal  tests  since 
both  tests  require  milligram  quantities. 

SAFETY  TESTS 

1.  Rotter  Impact  Test 

This  test  is  to  measure  any  increase  of  sensitivity  due  to  impact  when  a 
material  is  present  in  intimate  contact.  The  test  consists  of  a  5  kg  falling 
drop  weight  striking  an  anvil  containing  the  test  sample.  The  basic 
composition  is  compared  to  the  composition  containing  the  material  under 
test.  Any  increase  in  sensitivity  is  identified  by  a  reduction  in  the  drop 
height.  Drop  heights  are  set  using  the  ’Bruceton  Staircase’  method  and 
determine  the  height  at  which  there  is  a  50%  probability  of  an  event. 

Typically  B.KNO3  39  cms  (Median  Height) 

Mg.  KNO3  88  cms  (Median  Height) 

2.  Thermal  Characteristics 

Procedures  applied  to  measure  heat  flow  such  as  Differential  Scanning 
Calorimetry  (DSC)  or  Thermal  Gravimetry  (TG)  can  be  used  to  investigate 
safety  and  deterioration  of  a  composition.  DSC  can  provide  an  indication  of 
any  exothermic/endothermic  reaction  between  the  pyrotechnic  and  substrate, 
of  importance  when  considering  process  safety,  and  may  provide  evidence  of 
degradation  particularily  with  boron  based  composition.  It  is  known  that 
boron  degradation  products  give  rise  to  an  exothermic  transition  in  the  range 
110-140°C.  TG  tests  can  identify  breakdown  of  a  material  with  the  possible 
evolution  of  moisture.  Materials  which  yield  or  generate  moisture  can  be 
assessed  by  storing  small  amounts  of  pyrotechnic  in  close  proximity  with  large 
amounts  of  material  at  ambient  and  elevated  temperatures.  The  pyrotechnic 
is  then  examined  to  identify  any  deterioration  as  a  result  of  any  vapours 
emanating  from  the  test  material. 


STABILITY 


To  improve  the  chemical  stability  of  pyrotechnic  compositions  a  number  of 
precautions  can  be  taken. 

i)  Coat  magnesium  particles  with  waterproof  coating 

ii)  Prevent  moisture  from  entering  the  composition  by  using  only  non 

hygroscopic  ingredients.  Carrying  out  all  filling  operations  in  a  dry 
atmosphere  and  sealing  in  the  composition  hermetically. 

iii)  Fill  with  compositions  containing  the  least,  practical  amount  of  moisture 
and  then  extract  the  remainder  by  drying  techniques  or  by  an  accelerated 
corrosion. 

It  is  possible  to  incorporate  some  of  these  recommendations  for  the  filling  of  rocket 
motor  igniters. 

1.  Use  compositions  in  which  the  magnesium  is  blown  and  coated  with  a 

protective  resin. 

2.  Dry  the  powders  to  below  0.2%  moisture/volatile  content. 

3.  Fill  in  buildings  with  a  dry  atmosphere  e.g.  less  than  65%  relative  humidity. 

The  effectiveness  of  these  precautions  are  assessed  on, 

1.  Foil  Distention  Trials 

Foil  distention  is  a  known  problem  associated  with  moisture  in  igniter  pyrotechnic 
powders  and  arises  despite  the  fact  that  the  total  volatile  matter  of  the  powder  is 
closely  monitored  during  production.  Clearly  this  is  dependant  on  a  gas  tight  seal 
being  obtained  in  the  igniter  during  manufacture.  By  monitoring  distention,  it  is 
possible  to  determine  whether  or  not  gas  generation  will  pose  a  problem. 
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The  foil  covering  the  pyrotechnic,  Figure  1  and  photograph  1  can  be  measured  for 
distention  just  after  manufacture  using  a  gauge  similar  to  that  shown  in  photograph 
2.  Trials  for  monitoring  distention  are:- 

a)  Measurement  of  igniters  returned  from  service 

b)  Investigation  of  the  effect  of  storage  environment  on  foil  distention 

c)  Determination  of  foil  burst  pressure 

In  the  first  case  igniters  form  part  of  a  long  term  service  life  surveillance 
programme  and  they  are  measured  at  regular  intervals.  Alternatively  igniters  can 
be  made  specifically  for  the  trials  and  placed  on  accelerated  ageing  storage  at 
+40°C  in  an  attempt  to  force  the  failure  of  the  igniter  foils  .  Results  of  this  type 
of  trial  (Reference  1)  are  shown  in  Figure  2  and  normally  exhibit  a  rapid  rise  in 
extension  followed  by  a  plateau.  This  is  usually  attributed  to  the  rapid  rate  of 
corrosion  to  begin  with  which  slows  down  as  the  layer  of  oxidation  products  on  the 
magnesium  surface  increases  in  thickness. 

To  determine  the  pressure  at  which  the  foil  bursts  and  hence  the  safety  factor, 
empty  cans  are  prepared  to  the  normal  production  standards  i.e.  with  a  normal 
crimp  load  and  protective  finish.  The  cans  are  then  assembled  to  a  suitable  jig 
fitted  with  a  linear  transducer  to  measure  the  distention  of  the  foil.  Before 

nitrogen  is  fed  into  the  can  through  the  fuze  housing  at  a  rate  of  2  bar  per 

minute.  The  mean  values  from  10  trials  plotted  on  a  graph  of  pressure,  against 
distention  in  relation  to  pressure  are  shown  in  Figure  3.  The  foils  eventually  failed 
at  a  distention  of  nearly  0.9  inches  (22.9  mm). 

This  simple  method  of  monitoring,  indicated  that  the  precautions  taken  to  improve 
stability  work  well.  The  pressures  being  produced  were  far  lower  than  those 

needed  to  damage  the  device,  in  the  example  shown. 

2.  Performance  Test 

The  ballistic  performance  of  igniters  (and  hence  the  pyrotechnic)  can  be  assessed 
by  assembling  them  into  vented  vessels  (Figure  4)  and  measuring  the  pressure 

generated  against  time  after  the  device  is  initiated.  A  typical  pressure  time  record 
for  Mg/KNOg  and  B/KNO3  pyrotechnics  is  shown  in  Figure  5.  It  is  possible  to 
measure  accurately  certain  specific  parameters  for  example, 

t 

k 


i)  The  maximum  pressure,  P.MAX  (bar  gauge) 

ii)  The  ignition  delay,  td(s) 

iii)  The  rise  time,  ti(s) 

iv)  The  action  time,  ta(s) 

v)  The  pressure  integral,  P.lnt  (bar  g  s) 

By  doing  this  for  a  number  of  igniters  during  development,  statistically  derived 
limits  for  the  parameters  can  be  obtained. 

The  state  of  the  pyrotechnic  within  the  igniter  can  be  assessed  by  removing  it  and 
the  Total  Volatile  Content  of  this  powder  and  the  chemical  composition  can  be 
determined,  to  investigate  decay  rates. 

To  determine  the  effect  of  pyrotechnic  stability  on  performance,  the  igniter  is 
subjected  to  a  sequence  of  trials  similar  to  that  shown  in  Table  1. 
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TABLE  1 


Pyrotechnic  Stability  Tests 


SerialNumber 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Accelerated 

Ageing 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

DropTest 

X 

X 

X 

X 

X 

X 

X 

- 

- 

- 

Vibration 

Trial 

X 

X 

X 

X 

X 

X 

X 

(°C) 

-10 

+43 

+43 

-10 

+43 

-10 

-10 

Temp/Humidity 

Cycling 

- 

- 

- 

X 

X 

X 

X 

X 

X 

X 

Disassembly 

X 

- 

- 

- 

- 

- 

- 

- 

- 

X 

ProofFiring 

- 

X 

X 

X 

X 

X 

X 

X 

X 

- 

(°C) 

+20 

+20 

The  results  from  these  sequential  trials,  can  vary  from  igniter  type  to  igniter  type. 
The  different  pyrotechnic  filling,  B/KNO3  or  Mg/KN03,  as  well  as  the  hardware 
may  effect  the  results. 

Typical  test  results  for  Mg/KN03  based  igniters  are  shown  in  Table  2  (Reference  2) 
and  Table  3  (Reference  1). 


TABLE  2 

Total  Volatile  Matter  Content 


Igniter 

Powder 

Actual  Powder 

Serial  No. 

TVM  Spec  Limit 

TVM  Level 

1 

0.20% 

0.13% 

10 

0.20% 

0.25% 

TABLE  3 


The  powders  removed  can  be  seen  to  be  "free  running"  and  whilst  the  TVM  levels 
indicate  some  slight  moisture  uptake,  possibly  through  a  failure  of  the  hermetic 
seal.  Degradation  does  not  appear  to  be  significant. 

A  statistically  significant  number  of  aged  igniter  firngs  were  compared  with  the 

ballistic  specifications  for  fresh  material  and  demonstrated  to  fall  within  these 
limits. 

TABLE  4 

Ballistic  Firing  Data  from  Aged  Igniters 


Description 

Aged 

Igniters  (Mean) 

Control 

Min 

Limits 

Max 

DelayTime 

0.016 

0.030 

RiseTime 

0.004 

0.016 

ActionTime 

0.205 

0.158 

0.256 

PressureMax 

11.48 

8.0 

14.0 

Pressure  Integral 

1.19 

1.035 

By  testing  devices  in  this  way  it  is  possible  to  determine  the  stability  the 
pyrotechnic  and  hence  the  useful  life  of  the  device.  It  has  been  found  in  practice 
that  by  following  the  criteria  stipulated  for  igniter  filling,  the  satisfactory 
functioning  of  well  sealed  pyrotechnic  devices  can  exceed  10  years. 
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Storage  Time  Against  Distention 
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Figure  5 

Pressure  -  Time  Record 
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Spektroskoplsche  llntersuchungen  zum  Abbrandverhalten  von  HTPB-  und 
GAP-Platten  mit  Borzusatz  In  einer  ebenen  Stufenbrennkammer 

Hensel,  C.  imd  Clezkl,  H. 

DLR,  Hauptabtellung  Raumfahrtantrlebe,  Lampoldshausen 


Abstract 


Zur  Untersuchung  des  Verbrennungsverhaltens  von  borhaltigen  Festbrenn- 
stoffen  fUr  den  Einsatz  in  Stauantrieben  warden  HTPB-  und  GAP-Platten  mit 
und  ohne  Borzusatz  eingesetzt.  Hierbei  soilte  gekiart  werden,  wie  sich  die 
spontanen  Uchtemissionen  bestimmter  Spezies,  wie  z.B.  OH,  CH  und  BO2  er- 
kennbar  sind.  Beim  Abbrand  von  HTPB  allein  zeigt  sich  im  gesamten  sichtbaren 
Spektralbereich  eine  Starke  kontinuierliche  Lichtemission,  die  durch  die  thermische 
Strahlung  von  RuBpartikeln  hervorgerufen  wird,  sodaB  im  untersuchten  Spektral¬ 
bereich  lediglich  bei  OH  im  ultravioletten  einzelne  Peaks  in  befriedigender  In- 
tensitat  erkennbar  sind.  Bei  GAP  hingegen,  das  eine  geringe  RuBneigung  auf- 
weist,  lassen  sich  die  Bandensysteme  von  OH,  CH  und  CN  bei  nur  geringem 
Untergrund  relativ  gut  darstellen.  Beim  Einsatz  von  Bor  macht  sich  sowohl  bei 
GAP  als  auch  bei  HTPB  eine  starke  kontinuierliche  Strahlung  bemerkbar,  die 
der  thermischen  Emission  der  heiBen  Borpartikel,  bei  HTPB  aber  auch  den 
RuBpartikeln,  zuzuordnen  ist,  sodaB  lediglich  OH  befriedigend  darstellbar  ist. 
Im  grilnen  Spektralbereich  lassen  sich  zwei  nicht  besonders  stark  ausgepragte 
Maxima  erkennen,  die  der  B02-Emission  zugeordnet  werden  kbnnen. 


In  order  to  get  a  better  understanding  in  the  combustion  behaviour  of  boron 
containing  solid  fuels  for  ramjet  applications,  the  spontaneous  light  emission 
in  a  dump  combustor  has  been  investigated  with  a  spectrometer.  Pure  HTPB 
shows  a  strong  continuous  emission  which  can  be  related  to  the  thermal  radi¬ 
ation  of  soot.  Only  the  emissions  OH  with  the  band  head  at  306  nm  can  be 
seen  above  the  continuous  emission.  GAP  has  a  low  sooting  behaviour  and 
shows  structure  of  the  spectra  of  OH,  CN,  CH  and  C2  relatively  good.  If 
boron  is  added  both  to  HTPB  and  GAP,  the  burning  boron  particles  produce  a 
strong  continuous  emission,  so  that  only  OH  can  be  detected  with  a  sufficient 
intensity.  In  the  green  region  two  not  very  distinct  maxima  have  been  detected 
both  for  HTPB  and  GAP,  which  can  be  related  to  BO2  emission. 
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Elnleltung 

Der  Einsatz  von  pulverformigem  Bor  in  Feststoffstauantrieben  ist  wegen  seines 
hohen  volumetrischen  Heizwertes  von  groBem  Interesse.  Hierbei  steht  einer 
schnellen  und  vollstandigen  Verbrennung  der  Borpartikel  entgegen,  daB  diese 
sich  beim  Entzundungsvorgang  mit  einer  flUssigen  Oxidschicht  Uberziehen  und 
der  weitere  Oxidationsprozefl  somit  behindert  wird  [1].  Erst  bei  hbheren  Tem- 
peraturen  dampft  diese  Schicht  ab  und  erlaubt  die  weitere  Umsetzung  der  Bor¬ 
partikel. 

Zur  grundlegenden  Untersuchung  der  Verbrennungsvorgange  in  Feststoffstau- 
brennkammern  wird  eine  ebene  Stufenbrennkammer  eingesetzt,  bei  der  Uber 
seitliche  Fenster  eine  Beobachtungsmdglichkeit  gegeben  ist.  In  einer  solchen 
Kammer  kann  liberpriift  werden,  ob  Uber  die  auftretende  Lichtemission  RUck- 
schlUsse  auf  das  Verbrennungsverhalten  ziehbar  sind. 

Reine  Kohlenwasserstoffflammen  zeigen  bekanntlich  Bandensysteme  bestimmter 
beim  Verbrennungsvorgang  auftretender  Spezies  wie  z.B.  OH,  CH  oder  C2  in 
unterschiediicher  Auspragung.  Allerdings  kbnnen  solche  Spektren,  insbesondere 
bei  Diffusionsflammen,  durch  eine  kontinuierliche  Strahlung,  die  durch  heifie 
RuBpartikel  hervorgerufen  wird,  Uberlagert  sein.  Inwieweit  nun  die  dem  Fest- 
brennstoff  zugesetzten  Borpartikel  ebenfalls  durch  thermische  Strahlung  die 
Auspragung  der  Bandenstrahlung  von  OH,  CH  und  BO2  Uberlagern,  soil  in  die- 
ser  Arbeit  gezeigt  werden.  So  wurden  in  frUheren  Untersuchungen  von  Lieh- 
mann  L21  und  von  Morrison  [3]  Emissionsspektren  im  sichtbaren  und  infraro- 
ten  Spektralbereich  bei  Metall/Kohlenwasserstoff-Slurrybrennern  aufgenommen. 
Wie  sich  aber  Emissionsspektren  bei  einem  Feststoffabbrand  ausbilden,  soil  in 
dieser  Arbeit  gezeigt  werden. 


Exoerimenteller  Aufbau 

Die  fUr  die  Untersuchungen  eingesetzte  ebene  Stufenbrennkammer  (engl.  dump 
combustor)  ist  in  Abb.  1  dargestellt.  Ein  H2/02-Brenner  heizt  den  der  Brenn- 
kammer  zuzufUhrenden  Luftstrom  auf  bis  zu  500 °C  auf.  Die  Breite  der  Kammer 
betragt  150  mm,  die  Hdhe  45  mm  und  die  Stufenhbhe  20  mm.  Die  Brennstoff- 
platten  von  198  mm  Lange  und  100  mm  Breite  werden  oberflachenbUndig  in  den 
Boden  eingesetzt.  Seitliche  versetzbare  Quarzfenster  von  45  mm  Hdhe  und  25 
mm  Breite  erlauben  den  Einblick  in  die  Kammer  fUr  Kameras  und  den  Spektro- 
meter.  FUr  die  hier  vorgestellte  Untersuchung  waren  die  Fenster  so  montiert, 
dafl  das  Fensterende  mit  dem  Ende  der  Brennstoffplatte  abschloB.  Zur  Redu- 
zierung  der  Fensterbelegung  durch  Rufl  und  Borpartikel  wurde  eine  FensterspU- 
iung  eingesetzt,  bei  der  ein  Stickstoffstrom  Uber  der  gesamten  Kammerhdhe 
parallel  zur  Scheibe  gefUhrt  wird.  Unterhalb  der  Stufe  ist  ein  weiterer  Brenner 
montiert,  dessen  Flamme  durch  einen  Schlitz  kurzfristig  auf  die  Plattenoberfla- 
che  gelenkt  wird  um  diese  zu  entzUnden. 
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Fur  die  spektroskopischen  Untersuchungen  wurde  ein  0,22  m  Gitterspektrome- 
ter  (Typ  1681)  von  Tracor  Northern  mit  einem  512-kanaligen  Diodendetektorkopf 
eingesetzt.  Die  Aufbereitung  und  Aufzeichnung  der  ermittelten  Daten  erfolgt 
mittels  der  TN  6500  Analyseeinheit  desselben  Herstellers.  Die  optische  Aus~ 
richtung  des  Spektrographen  war  so  gewahlt,  dafl  ein  Objekt,  welches  in  13  mm 
Hbhe  Uber  dem  Kammerboden  und  in  der  Mitte  zwischen  den  beiden  seitlichen 
Fenstern  positioniert  ist,  auf  den  Eingangsschlitz  abgebildet  wird  (siehe  Abb. 
2).  Die  im  folgenden  dargestellten  Spektren  sind  aus  mehreren  aufeinanderfol- 
genden  Spektren  der  gesamten  Aufnahmesequenz  gemittelt.  Weitere  Daten  zur 
Verfahrensweise  und  zur  Einstellung  des  Cerates  sind  in  [  4  ]  enthalten. 


Als  Videokamera  wurde  Uberwiegend  eine  Dicam-2  mit  UV-durchlassigem  Ob- 
jektiv  eingesetzt.  Schmalbandige  Interferenzfilter  von  Schott  wurden  vor  das 
Objektiv  gesetzt  um  die  Lichtemission  im  Bereich  der  jeweiligen  zu  untersu- 
chenden  Bandenemission  zu  selektieren. 

Die  fUr  diese  hier  vorgestellten  Versuche  eingesetzten  Festbrennstoffe  sind  in 
Tab.  I  aufgefUhrt.  Die  Herstellung  der  GAP-Platten  erfolgte  durch  das  Fraun- 
hofer-Institut  fUr  Chemische  Technologie  in  Pfinztal.  Die  Borpartikel  von  H.C. 
Starck  waren  amorph  und  hatten  einen  mittleren  Durchmesser  von  etwa  1  pm. 


1. 

91,6%  HTPB  ; 

8,4  %  Isophorondiisocyanat 

2. 

64,1%  HTPB  ; 

S,9%  ••  ;  30%  Bor 

3. 

88,6%  GAP  ; 

11,4%  NlOO 

4. 

79,8%  GAP  ; 

10,2%  NlOO  ;  10%  Bor 

Tab.  1  Zuscunmensetzung  der  verwendeten  Festbrennstoffe 

Versuchsergebnlsse  und  Diskussion 


Die  spontane  Emission  des  Bandensystems  von  OH  um  die  Bandenkbpfe  bei 
306,4  und  306,8  nm  konnte  eindeutig  identifiziert  werden.  Hierbei  tritt,  wie  in 
Abb.  3  ersichtlich  ist,  ein  deutlicher  Untergrund  bei  HTPB  auf.  GAP  hingegen. 
Abb.  4,  zeigt  ein  deutlich  besser  ausgepragtes  Spektrum,  dessen  linienintensi- 
taten  mit  zunehmender  Temperatur  Tl  des  der  Brennkammer  zugefiihrten  Luft- 
stromes  deutlich  zunehmen.  Desweiteren  sind  in  diesem  Spektrum  einige  linien 
vorhanden,  die  dem  Element  Zinn  zuzuordnen  sind,  deis  dem  in  geringer  Menge 
als  Katalysator  flir  die  Aush^tung  zugegebenen  Dibutylzinndilaurat  entstammt. 


Bei  GAP  mit  Borzusatz  (Abb.  5)  nimmt  der  Untergrund  im  Verbal tnis  zu  den 
Bandenemissionen  des  OH  deutlich  zu.  Bei  Tl=  S00®C  erkennt  man  einen  deut- 
lichen  Anstieg  zu  niedrigeren  Wellenlangen  hin,  was  mbglicherweise  auf  eine 
hbhere  Verbrennungstemperatur  hindeutet,  da  ein  weiteres  Bandensystem  von 
OH  um  294  nm  erkennbar  wird.  Dies  ist  in  geringer  Auspragung  auch  bei  rei- 
nem  GAP  bei  Tl=S00°C  vorhanden.  Das  sich  ergebende  Spektrum  bei  400°C  in 


Abb.  S  besitzt  aufgrund  einer  Ubermafiig  starken  Fensterbelegung  wahrend  des 
Versuchs  niedrige  Intensitaten  und  ist  somit  nicht  reprasentativ. 

In  Abb.  6  ist  das  Emissionsspektrum  von  GAP  im  Berelch  von  etwa  400  bis  435 
nm  dargestellt.  Das  Bandensystem  von  CH  mit  dem  Bandenkopf  bei  431,1  nm, 
das  von  CN  mit  dem  Kopf  bei  415,2  nm,  sowie  Auslaufer  des 
C2-Bandensystems  sind  sehr  deutlich  zu  erkennen.  Bei  GAP  mit  Borzusatz  tritt 
der  EinfluB  der  kontinuierlichen  Strahlung  in  Abb.  7  deutlich  hervor,  sodaB  CH 
und  CN  nur  schlecht  darstellbar  sind.  Diese  kontinuierliche  Strahlung  dllrfte 
hier  hauptsachlich  der  thermischen  Emission  der  heiBen  Borpartikel  zuzuschrei- 
ben  sein,  da  GAP  eine  geringe  RuBneigung  aufweist  und  der  lintergrund  in  Abb. 
6  im  Vergleich  zu  dem  in  Abb.  7  relativ  niedrig  ist.  Bei  HTPB  hingegen  sind, 
sowohl  mit  als  auch  ohne  Borzusatz,  wegen  der  ausgepragten  Kontinuums- 
strahlung  aufgrund  der  starken  RuBneigung  des  Brennstoffes  die  CH-Banden 
Uber  dem  lintergrund  kaum  erkennbar. 

In  Abb.  8  sind  die  Spektren  der  spontanen  Emisssionen  im  grlinen  Spektralbe- 
reich  von  mit  Bor  versetztem  GAP  dargestellt.  Hier  ist  eine  starke  kontinuier¬ 
liche  Strahlung  bemerkbar  Uber  die  die  Emissionen  von  BO2  nur  relativ  gering 
herausragen.  Bei  reinem  GAP,  hier  nicht  pr^entiert,  sind  im  gesamten  grlinen 
Spektralbereich  relativ  geringe  Signalintensitaten  ohne  ausgepragte  Emissions- 
banden  registriert  worden.  Dies  deutet  ebenfalls  darauf  hin,  daB  der  Unter- 
grund  bei  Borzusatz,  wie  bereits  oben  vermutet,  durch  die  thermische  Emission 
der  heiBen  Borpartikel  hervorgerufen  wird.  Die  Abnahme  der  Signalintensitaten 
mit  zunehmendem  Tl  ist  mbglicherweise,  aufgrund  von  CCD-Kamera-Aufnah- 
men  mit  vorgesetztem  Filter  flir  den  B02-Emissionsbereich  (ZW=S47,7  nm, 
I^W~2,7  nm),  mit  der  VergrbBerung  des  Abstandes  der  Emissionszone  von  der 
Brennstoffoberflache  mit  zunehmendem  Tl  nach  oben  hin  erklart  werden,  da 
der  Spektrograph  auf  den  unteren  Kammerbereich  eingestellt  war.  Dies  muB 
allerdings  durch  weitere  Untersuchungen  erhartet  werden. 

In  Abbildung  9  ist  eine  Folge  von  fUnf  aufeinanderfolgenden  CCD-Kameraauf- 
nahmen  mit  vorgesetztem  OH-Filter  {ZW  =  310,1  nm;  HW  =  6,9  nm)  zu  sehen. 
Hierbei  war  die  Belichtungszeit  350  ps  und  die  Bildfolgefrequenz  15  Hz.  Die 
Anstrbmung  auf  den  Bildern  erfolgt  von  links.  Eine  starke  vertikale  Bewegung 
der  Hauptintensitatszone  ist  aus  der  Abfolge  der  Bilder  ersichtlich.  Hierbei 
dringt  diese  bis  zur  Brennkammerdecke  vor,  wahrend  unmittelbar  Uber  der 
Brennstoffplatte  sich  Gebiete  mit  geringer  Emission  ergeben. 
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Abb.  1  Skizze  des  Prufstandes  mit  ebener  Stufenbrennkammer  und 
Lufterhitzer 
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Abb.  7  CH-Spektrum  von  GAP  mit  10%  Borzusatz;  Tl=S00®C 


Wcllwilinge  (nm) 


Abb.  8  B02-Spektrum  von  GAP  mit  10%  Borzusatz; 

(Pceiks  der  beiden  unteren  Linien  kennzeichnen  Positionen  von  Linien 
und  Intensitaten  theoretischer  Spektren  von  BO2  und  C2  nach 
z.B.  [5]) 


Entwicklung  einer  komblnierten  Gas-  Und  Partlkclprobennahmesonde 
fUr  den  Einsatz  In  eJner  Feststoffstaubrennkaramer 

Clezki,  H  and  Schwein,  B. 

DLR,  Hauptabtdiung  Raumfahrtantriebe,  Lampoldshausen 

Zur  Untersuchung  dea  Abbrandverhaltens  von  HTPB-Festbrennstoffplatten  mit 
Borzusatz  In  einer  ebenen  Stufenbrennkammer  wurde  elne  wassergeklihlte  Ab- 
saugsonde  entwlckeit  mit  der  gleickzeltig  gasfbrmige  stabile  Reaktlonszwi- 
schenprodukte  In  einera  Probenbehiilter,  sowie  die  Featstoffphase  auf  einem 
Filter  aufgefangen  werden  fcdnncn.  Aus  der  anschlleBenden  Analyse  wurden 
KonzentrationsVerteiJungen  fUr  gasformlge  Stoffe  mittels  eines  Gaschromato- 
graphen,  sowie  mittels  eines  naBchemischen  Verfahrens  ermittelt.  Die 

Probennahmepositionen  waren  zwlschen  8  mm  bzw.  4  mm  und  24  mm  bzw.  28  mm 
Uber  der  Brennstoffplatte  in  drei  verschiedencn  MeBebenen  60  mm,  97  mm  und 
171  mm  hinter  der  Flammenhalterstufe  aenkrecbt  zur  Brennstoffoberflache. 

Hierbei  zeigte  alch,  daft  CO.  CO2  und  Hz  mit  zunehmendem  Abstand  von  der 
Brennstoffoberflache  in  alien  drei  MeBebenen  abnehmen  und  der  Sauerstoffan- 
teil  zunjmmt,  Methan  wurde  in  der  hintersten  MeBebene  bei  4  mm  Hohe  mit 
0,2  %  gemessen.  WeJtere  Kohlenwasserstoffe  konnten  im  Rahmen  der  MeBge- 
nauigkeit  und  der  verwendeten  Saule  nicht  ermittelt  werden.  Bei  etwa  28  mm 
Hbhe  Sind  kelne  gasfbrmigen  Verbrennungsprodukte  mehr  vorhanden  und  die 
Zusammensetzung  der  Gasprobe  entspricht  der  Luft,  wie  sle  vom  Lufterhitzer 
des  Prlifstandes  der  Brennkammer  zugefUhrt  wird. 

Die  Konzentratlan  von  BzOa  In  der  auf  dem  Filter  aufgefangenen  Featstoffphase 
nimmt  tendenzlell  mit  zunehmendem  Abstand  von  der  Brennstoffoberflache  bis 
24  mm  zu.  ttber  den  welteren  Verlauf  kann  keine  Aussage  infolge  fehlender 
Messungen  gemacht  werden.  Durch  die  relativ  geringen  Frobenmengen  und  die 
somit  ungenauere  Analyse  kbnnen  die  Schwankungen  im  Kurvenverlauf  hervor- 
gerufen  werden. 

Bei  ausgesuchten  Probennahmepositionen  wurden  mittels  eines  Rasterelektro- 
nenmikroakops  Aufnahmen  der  aufgefangenen  Festa  toff  phase  erzeugt.  Hierbei 
Sind  sowohl  plattenartige,  bzw.  kristalllne  Strukturen  als  auch  amorphe  zu 
erkennen.  Bei  4  mm  Hbhe  und  171  mm  hinter  der  Stufe  zeigen  eine  Vielzahl  der 
Flatten  Lbcher  und  tropfenartige  Gebilde  auf  Ihrer  Oberflache. 
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UV-VIS-SPEKTROSKOPISCHE  ERFASSUNG  VON  IN  UNTER- 
UND  UBERKRITISCHEM  KOHLENDIOXID  GELOSTEN 
NITROAROMATEN 


S.  Lobbecke,  G.  Bunte,  T.  Hardle,  H.  Krause 

Fraunhofer-Institut  fiir  Chemische  Technologie  ICT,  Joseph-von-Fraunhofer-Strafie  7, 
D-76327  Pfmztal/Berghausen 


KURZFASSUNG 

Fine  Mebapparatur  wird  vorgestellt,  mit  der  in  unter-  und  liberkritischem  CO2  geloste 
Nitroaromaten  bis  in  den  Spurenbereich  UV-VIS-spektroskopisch  erfaBt  werden.  Das 
besondere  spektroskopische  Verhalten  dieser  Losungen  bei  Drucken  bis  400  bar  und 
Temperaturen  bis  150  °C  wird  beschrieben. 

A  measuring  device  is  presented,  which  is  capable  to  detect  trace  amounts  of 
nitroaromatic  compounds  dissolved  in  sub-  and  supercritical  CO2  by  UV-VIS- 
spectroscopy.  The  specific  spectroscopic  behavior  of  these  solutions  at  pressures  up  to 
400  bar  and  temperatures  up  to  150  °C  is  described. 


1  EINLEITUNG  UND  PROBLEMSTELLUNG 

Energetische  Substanzen  wie  z.B.  TNT  und  andere  Nitroaromaten  weisen  sehr  gute 
Losungseigenschaften  in  unter-  und  uberkritischem  Kohlendioxid  auf. 
Extraktionsverfahren  unter  Einsatz  von  uberkritischem  CO2  (SC-CO2)  als 
Extraktionsmittel  (angels.:  supercritical  fluid  extraction  SFE)  ermdglichen  somJt  den 
Austrag  von  TNT  und  seinen  Abbauprodukten  aus  unterschiedlichen  Matrices,  wie 
z.B.  kontaminierten  Boden  [1]. 

Aufgrund  der  Tatsache,  dab  die  analytischen  Informationen  uber  die  mittels  SFE 
extrahierten  Substanzen  zur  Zeit  ausschlieBlich  durch  Analysenmethoden  erhalten 
werden,  die  dem  Extraktionsvorgang  nachgeschaltet  werden,  ist  die  Entwicklung  emer 

on-line- Analy sentechnik  flir  SFE- Verfahren  von  grobem  Interesse.  -v  ft- 

Mit  der  Verfugbarkeit  einer  solchen  -  z.B.  spektroskopischen  -  on-line- Analytik  fiir 
SF-Extraktionen  wlirde  bereits  parallel  zum  Extraktionsverlauf  die  Moglichkeit  zur 
Identifizierung  und  Quantifizierung  der  extrahierten  Analyten  bestehen.  Erne 
unmittelbare  Uberwachung  des  Extraktionsvorganges  sowie  dessen  schnelle  Bewertung 
und  Optimierung  waren  somit  moglich. 


2  EXPERIMENTELLES 


Vor  diesem  Hintergrund  wurde  eine  MeBapparatur  zur  Simulation  einer  UV-VIS- 
spektroskopischen  on-line-Analytik  fur  SFE-Verfahren  entwickelt,  mit  der 
Untersuchungen  an  gasfdrmigem  sowie  insbesondere  flussigem  und  uberkritischem 
Kohlendioxid  vorgenommen  werden  kdnnen.  Abbildung  1  zeigt  den  optischen  Aufbau. 
Die  Konstruktion  und  der  Aufbau  der  MeBapparatur  ist  hinsichtlich  der  besonderen 
Anforderungen  hoher  Temperatur-  und  Druckbestandigkeit  (T  <  150  °C,  p  <  400  bar) 
ausgelegt. 

Als  Kemstuck  der  MeBapparatur  wurde  eine  optische  Hochdruckzelle  (Abb.  2) 
entwickelt,  die  so  konzipiert  ist,  daB  sie  neben  der  hohen  Druck-  und 
Temperaturbestandigkeit  eine  einfache  und  kostengunstige  Konstruktion  aufweist,  die 
einen  vielseitigen  Einsatz  der  MeBzelle  (u.a.  Vermessung  verschiedener  Schichtdicken, 
Option  fur  Fluoreszenzmessungen)  erlaubt. 


Abb.  1 :  Schematische  Darstellung  der  MeBanordnung  zur  UV-VlS-Spektroskopie 


SC-COi 


hv 


1 :  Zellkorper 
2:  HochdiuckkapiUare 
(COrZufiihr) 

3:  Dnickschiaube 
4:  Druckring 
5:  zyiindrisches  Fenster 
(Suprasil-Quarz) 

6:  Kupferring 
7: 0-^ng-Dichmng 
(Teflon) 

8:  NiCrNi-Thermoctement 

Abmessungen: 

a  =  32,0  mm 
b  =  44,0  mm 

Fenstcrabstand: 
hier:  22,7  mm 
altemativ:  10.6  mm 


Zellvolumcn:  3,9  mL 


Abb.2;  Schematischer  Querschnitt  durch  die  optische  Hochdruckzelle 


96 


3 


3  ERGEBNISSE 

Die  UV-VIS-spektroskopischen  Eigenschaften  von  Kohlendioxid  wurden  iiber  einen 
weiten  Druck-  und  Temperaturbereich  (p  =  I  -  400  bar,  T  =  20  -  150  °C)  erfafit. 

Dabei  iaCt  sich  zeigen,  daB  die  Transmissionseigenschaften  des  CO2  im  kurzwelligen 
UV-VIS-Spektralbereich  dichteabhangig  sind  (Abb.  3).  Eine  Erhdhung  der  CO^-Dichte 
fuhrt  infolge  zunehmender  Brechungseffekte  (Abb.  4)  zu  einer  verringerten 
Transparenz  des  CO2  im  Wellenlangenbereich  1 90  bis  maximal  400  nm. 

Desweiteren  ist  zu  beobachten,  daB  kurzzeitige  Dichte-  und  somit  Brechungsmdex- 
Inhomogenitaten  des  CO.,  die  infolge  von  Druck-  oder  Temperatur^derungen 
auftreten  konnen,  kurzzeitige  IntensitMsschwankungen  der  das  CO2  transmittierenden 
Strahlung  zur  Folge  haben.  Diese  lassen  sich  durch  geeignete  apparative  MaBnahmen, 
die  Warmekonvektion  und  Druckgradienten  verhindem,  unterdriicken. 


Abb.  3:  Die  CO.-Transparenz  in  Abh^gigkeii  von  Druck  und  Temperatur  am  Beispiel 
der  Wellenl^ge  X  =  220  nm 


Abb.  4:  Verlauf  des  CO.-Brechungsindexes  fur  vier  isotherme  Druckerhohungen 
(berechnet  auf  der  Grundlage  der  spezifischen  Lorentz-Lorenz- 
Retfaktionsgleichung  fur  A,  =  546  nml  [2] 


Mittels  UV-VIS-spektroskopischer  Untersuchungen  an  in  unter-  und  uberkritischem 
CO2  geldsten  Nitroaromaten  (2,4,6-Trinitrotoluol  und  dessen  Abbauprodukt  4-Amino- 
3-nitrotoIuoi)  wurde  die  spektroskopische  on-line-Erfassung  von  Analyten  simuliert, 
die  mit  komprimiertem  Kohlendioxid  aus  einer  Sprengstoff-kontaminierten 
Bodenprobe  extrahiert  werden. 

Die  Identifizierung  der  in  SC-CO2  gelosten  Analyten  erfolgt  anhand  ihrer 
charakteristischen  Absorptionsbanden.  Eine  Quantifizierung  der  Nitroaromaten  ist  bis 
in  den  ppm-Bereich  mdglich. 

Es  laBt  sich  zeigen,  daB  die  charakteristischen  Absorptionsbanden  der  in  SC-CO2 
geldsten  Analyten  gegeniiber  Losungen  in  klassisch  organischen  Ldsungsmitteln 
mitunter  drastischen,  hypsochromen  Verschiebungen  (urn  bis  zu  50  nm)  unterliegen. 
Zusatzlich  ist  eine  schwacher  ausgepragte,  bathochrome  Absorptionsbanden- 
Verschiebung  bei  zunehmender  C02-Dichte  bzw.  -Polaritat  zu  beobachten. 

Abbildung  5  zeigt  diese  Effekte  am  Beispiel  der  Transmissionsspektren  von  in  SC-CO2 
geldstem  4- Amino-3 -nitrotoluol. 


Abb.  5:  Transmissionsspektren  von  in  unter-  und  uberkritischem  CO2  geldstem 
4-Amino-3-nitrotoluol  (T  -  80  °C): 

vollstandiges  Ldsen  des  Analyten  mit  zunehmender  C02-Dichte  unter 
bathochromer  Absorptionsbanden-Verschiebung 
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